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Prostate  Cancer  cell  growth:  stimulatory  role  of  neurotensin  and  the  mechanism  of  inhibition  by 

flavonoids  as  related  to  protein  kinase  C. 

Principal  Investigator,  Robert  E.  Carraway 

First  Year  Report  -  Period  1/01/06  to  12/31/06 

1.  INTRODUCTION 

Background-  Neurotensin  (NT),  a  neurotransmitter  and  intestinal  growth  hormone,  is  a  potential 
contributor  to  prostate  cancer  (PC).  NT  is  involved  in  inflammation,  which  often  has  a  role  in  cancer 
development.  NT  receptor  (NTR)  is  over-expressed  in  PC,  and  NT  stimulates  growth  of  cultured  human 
PC  cells.  We  found  higher  levels  of  NTR  in  aggressive  androgen-independent  PC3  cells  than  in  the  less 
aggressive  androgen-dependent  LNCaP  cells.  We  demonstrated  that  NT  stimulates  DNA  synthesis  and 
growth  of  PC3  cells  via  a  PKC  dependent  transactivation  of  EGF  receptors. 

Epidemiologic  studies  show  that  fat  intake  correlates  with  PC  incidence  around  the  world.  High-fat 
intake  is  the  strongest  stimulus  for  NT  secretion,  and  NT  promotes  the  conversion  of  fatty  acids  such  as 
arachidonic  acid  into  growth-promoting  eicosonoids  (via  lipoxygenase).  Thus,  NT  and  fatty  acids  could 
work  in  concert  to  mediate  fat-induced  PC  growth.  In  contrast,  a  diet  rich  in  antioxidant  flavonoids 
(FLAYs)  correlates  with  decreased  PC.  Our  data  shows  that  FLAVs  inhibit  NT  growth  signaling  in  PC3 
cells.  Since  FFAVs  can  inhibit  PKC  and  lipoxygenase  in  vitro,  we  are  investigating  the  importance  of 
PKC  and  lipoxygenase  in  the  growth  stimulating  effects  of  NT. 

Hypothesis-  We  postulate  that  NT  released  by  dietary  fat  enhances  PC  growth.  Growth  promotion  by 
NT  could  involve  effects  at  multiple  sites  but  at  the  level  of  the  PC  cell,  NT  signaling  depends  on  the 
activity  of  PKC  and  lipoxygenase.  Therefore,  we  propose  that  FFAVs  inhibit  NT  growth  signaling  by 
inhibiting  the  activity  of  PKC  and/or  lipoxygenase. 

Rationale-  Since  NT  stimulates  the  growth  of  cultured  PC  cells,  the  elevated  NT  level  caused  by  dietary 
fat  could  enhance  PC  tumor  growth.  This  provides  a  rationale  for  the  epidemiologic  association  of  high- 
fat  intake  with  PC  incidence.  Since  FFAVs  inhibit  NT  signaling  in  cultured  PC  cells,  this  provides  a 
rationale  for  the  beneficial  effects  of  Asian-Mediteranian  diet.  PKCs  are  likely  targets  since  FFAVs 
inhibit  PKCs  that  could  mediate  NT  growth  signaling.  Given  the  opposite  growth  roles  of  PKC-epsilon 
(stimulatory)  and  PKC-delta  (inhibitory),  it  is  important  to  identify  the  PKC-isotypes  involved. 

Relevance-  Defining  the  mechanism  by  which  FFAV  inhibits  NT-stimulated  PC  growth  could  shed 
light  on  general  aspects  of  G-protein  receptor  action,  signal  transduction  and  pathway  relationships, 
which  could  have  a  widespread  impact  due  to  the  number  of  growth  stimuli  involved. 

Specific  Aims  for  the  first  12  month  period  according  to  the  statement  of  work  (SOW)- 

Our  goals  for  the  first  year  were  to  perform  task  3  (To  identify  PKC  isotypes  that  are  activated  by  NT- 
induced  growth  signaling)  and  task  4  (To  identify  PKC  isotypes  that  are  essential  for  NT-induced 
growth  signaling). 

2.  BODY 

Work  on  Task  3:  Identify  PKC  isotypes  activated  by  NT- 
A.  PKC  isotype  phosphorylation- 
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To  initiate  the  work  on  task  3,  we  first  examined  the  expression  of  PKC  isotypes  in  PC3  and  LNCaP 
cells.  Western  blotting  was  performed  with  specific  antisera  from  Santa  Cruz  to  detect  various  PKC 
isotypes  in  extracts  of  prostate  cancer  PC3  and  LNCaP  cells.  Our  results  indicated  that  both  cells  lines 
expressed  primarily  the  following  PKC  isotypes:  a,  (31,  8  and  s;  however,  PC3  cells  expressed  relatively 
more  PKCs  and  LNCaP  cells  expressed  relatively  more  PKC5.  Since  PKCs  is  generally  growth 
enhancing  and  PKC5  is  associated  with  apoptosis,  these  differences  might  account  for  the  more 
aggressive  nature  of  PC3  cells.  In  addition,  since  our  data  suggests  that  activators  and  inhibitors  of  PKC 
can  alter  NT  receptor  binding  and  signaling,  these  differences  might  relate  to  any  differences  in  NT 
receptor  function  in  displayed  by  these  cells. 

Next,  we  set  out  to  determine  the  PKC  isotypes  in  PC3  cells  that  became  phosphorylated  in  response  to 
NT.  Using  antibodies  to  the  phosphorylated  forms  of  each  PKC  isotype,  we  determined  the  levels  of 
PKC  activation  for  NT  treated  and  control  cells.  Western  blotting  was  performed  on  cells  extracted  at  1- 
30  min  after  treatment.  The  cells  were  withdrawn  from  serum  for  24  hrs  before  the  medium  was 
changed  and  NT  was  added.  Our  results  incicated  that  the  basal  level  of  activation  (constitutive  activity) 
was  so  high  that  it  was  difficult  to  demonstrate  an  effect  of  NT.  The  only  success  we  had  was  with  a 
pan-phospho-PKC  antiserum  that  was  specific  for  phosphorylated  forms  of  conventional  PKCs  (a,  (31, 
(32,  y).  Thus,  our  results  indicated  that  NT  activated  the  conventional  Ca  -sensitive  PKCs  (a  and  pi)  in 
PC3  cells.  For  the  novel  PKC  isotypes,  we  could  not  draw  a  conclusion  due  to  the  high  constitutive 
activity.  However,  as  explained  below,  we  now  understand  the  causes  of  the  high  constitutive  activity 
and  we  are  on  the  verge  of  solving  this  problem. 

B.  PKC  isotype  translocation- 

To  confirm  these  results,  we  then  used  the  translocation  assay  in  hopes  that  it  might  give  a  clear  result 
for  all  PKC  isotypes.  PC3  cells  were  treated  with  NT  for  1-30  min  as  described  above  and  after  cell 
lysis,  the  membrane  and  cytosolic  fractions  were  subjected  to  western  blotting  using  antisera  towards  the 
individual  PKC  isotypes.  Our  results  demonstrated  that  the  most  of  the  PKCs  were  activated  (ie., 
membrane  bound)  under  basal  conditions,  and  thus,  it  was  again  difficult  to  demonstrate  an  effect  of  NT, 
especially  in  regards  to  the  novel  PKC  isotypes.  For  the  conventional  PKCs,  this  was  less  of  a  problem, 
so  some  experiments  did  show  an  effect  of  NT  on  the  membrane  localization  of  PKCa  and  pi. 
However,  we  are  still  evaluating  these  results. 

C.  PKC  isotype  activity- 

In  trying  to  solve  these  problems,  we  finally  decided  to  assess  the  cellular  PKC  activity  by  yet  another 
method,  ie.,  by  measuring  the  phosphorylation  of  endogenous  PKC  substrates  detected  by  western 
blotting.  The  antiserum  (Cell  Signaling)  was  raised  towards  the  phosphorylated  PKC  consensus  motif 
R/K-X-S-Hyd-R/K.  Our  results  with  this  method  confirmed  those  described  above,  in  that  we  found  a 
high  level  of  constitutive  PKC  activity  in  PC3  cells  that  made  it  difficult  to  show  an  effect  of  NT. 

However  during  the  course  of  this  work,  we  discovered  that  the  constitutive  PKC  activity  was  dependent 
on  a)-  the  cell  density;  b)-  the  time  after  exposure  to  serum;  c)-  whether  the  medium  was  changed 
immediately  before  the  experiment  (ie.,  the  cells  were  sensitive  to  mechanical  disturbance)  and  d)- 
whether  the  cells  were  stressed  in  any  way  (e.g.,  both  pH  stress  and  oxidative  stress  enhanced  PKC 
substrate  phosphorylation).  These  findings  were  encouraging  and  led  us  to  repeat  our  studies  using  more 
controlled  conditions,  which  we  predicted  would  avoid  the  high  constitutive  PKC  activity. 

In  short,  our  method  to  minimize  the  constitutive  PKC  activity  was  to  use  confluent  cells  (withdrawn 
from  serum  but  not  stressed)  and  to  avoid  any  mechanical  disturbance  by  adding  NT  from  a  100  X 
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stock.  Under  these  conditions,  NT  was  shown  to  strongly  elevate  the  level  of  PKC  substrate 
phosphorylation  using  the  western  blotting  method  described  above.  The  response  to  NT  was  maximal 
after  30  min.  Using  this  same  method  of  avoiding  mechanical  stress,  we  then  examined  the  effect  of  NT 
on  the  phosphorylation  status  of  individual  PKC  isotypes.  So  far  these  analyses  have  shown  that  NT 
activates  the  conventional  PKC  a  and  the  novel  PKC  5  and  PKC  8. 

Work  on  Task  4;  Identify  PKC  isotypes  required  for  NT  signaling  and  growth- 

A.  Antisense  Work- 

PKC  specific  antisense  oligodeoxynucleotide  (ODN)  sequences  (20  mers)  that  were  specific  for  PKCa, 
PKC5  and  PKCe  were  obtained  from  Invitrogen.  PC3  cells  in  Opti-MEM  medium  were  exposed  to 
lipofectamine  (5pg/ml)  mixed  with  the  ODNs  ( 1  pM)  for  3  days.  Cell  extracts  were  used  to  perform 
western  blotting  to  quantitate  changes  in  the  expression  of  the  individual  PKC  isotypes.  The  results 
indicated  that  PC3  cells  were  highly  resistant  to  PKC  knockdown.  Repeated  attempts  in  which  we 
varied  the  cell  confluence  (40-70%),  the  lipofectamine  and  the  ODN  used  consistently  gave  less  than 
30%  knockdown  for  any  of  the  PKC  isotypes.  These  negative  results  led  us  to  investigate  the  usefulness 
of  RNAi  to  perform  these  experiments. 

B.  RNAi  work- 

Plasmid  DNAs  containing  shRNA  sequences  complementary  to  specific  PKC  isoforms  were  obtained 
from  the  UMass  RNAi  Core  Facility  and  Open  Biosystems.  The  sequences  included:  two  silencing 
sequences  for  PKCa,  two  for  PKCp,  two  for  PKCS  and  one  for  PKCs,  as  well  as  a  non-silencing 
control.  The  shRNAs  were  cloned  in  pSM2c  vector  under  the  control  of  the  CMV  promoter  for 
expression  in  mammalian  cells.  A  puromycin  resistance  gene  was  also  present  to  facilitate  the  selection 
of  clone  pools. 

FuGene  (Roche)  was  recommended  and  cell  transfections  were  performed  using  the  Roche  protocols. 
Basically,  5  x  104  cells/ml  were  plated  per  well  of  12-well  plates  so  that  40%  confluence  was  obtained 
after  24  hrs.  These  were  then  transfected  using  various  concentrations  of  FuGene  (0.75-6  pl/ml)  and  of 
DNA  (0.25-1.0  pg/ml).  After  48  hrs,  cell  extracts  were  examined  by  western  blotting  to  assess  the 
effects  on  PKC  expression.  FuGene  proved  to  be  toxic  above  1.5  pl/ml.  However,  using  this  amount  of 
FuGene  with  0.5  pg  DNA  gave  results  consistent  with  specific  knockdown  (40-50%)  for  PKCS  and 
PKCe).  One  interesting  observation  was  that  knockdown  of  one  PKC  isotype  appeared  to  enhance  the 
expression  of  the  other  PKC  isotypes. 

These  encouraging  results  led  us  to  perform  experiments  to  test  the  effects  of  PKC  knockdown  on  NT 
binding  to  the  cells.  Using  our  optimal  conditions,  cells  were  transfected  with  the  non-silencing  control 
and  the  silencing  constructs,  and  NT  binding  was  tested  after  48  hrs.  Basal  binding  was  measured  as 
well  as  binding  in  the  presence  of  conventional  and  novel  PKC  inhibitors  (l-2pM).  We  hypothesized 
that  the  specific  knockdown  of  PKC  isotypes  regulating  the  NT  receptor  would  cause  NT  binding  to 
increase,  reflecting  the  inhibition  of  this  regulation.  The  PKC  inhibitors  (particularly  novel  ones)  were 
expected  to  elevate  NT  binding  in  control  cells  but  to  have  less  effect  in  knockdown  cells.  The  results 
indicated  that  PKCS  knockdown  (40-50%)  had  no  effect  on  NT  binding,  whereas  PKCe  knockdown  (40- 
50%)  decreased  NT  binding  by  17%  as  compared  to  control.  None  of  the  PKC  inhibitors  altered  NT 
binding  in  the  control  cells.  In  contrast,  the  novel  PKC  inhibitor  Go-6983  decreased  NT  binding  by 
19%  in  the  PKCS  knockdown  and  by  17%  in  the  PKCe  knockdown.  Broad  spectrun  PKC  inhibitor 
(staurosporine)  had  no  effect  and  conventional  inhibitor  (Go-6976)  decreased  NT  binding  by  9%.  These 
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were  not  precisely  the  results  we  expected  but  they  show  differences  which  is  encouraging  and  we  are 
now  in  the  throws  of  performing  more  experiments  to  understand  these  differences. 

Recently,  we  discovered  that  the  involvement  of  PKC  in  the  regulation  of  NT  receptor  depends  very 
much  on  the  cell  density,  in  that  PKC  inhibitors  enhance  NT  binding  by  40-60%  in  growing  cells  but 
less  than  10%  in  confluent  cultures.  In  the  experiments  reported  above,  the  cells  were  80-90%  confluent 
at  the  time  (48  hrs)  when  NT  binding  was  tested,  and  under  these  conditions  PKC  has  little  influence. 
Thus,  we  now  understand  why  NT  binding  was  not  elevated  in  the  PKC  knockdown  cells  and  was  not 
elevated  in  the  presence  of  PKC  inhibitors.  The  observed  decrease  in  NT  binding  might  be  explained  by 
our  finding  that  knockdown  of  one  PKC  isotype  appeared  to  enhance  the  expression  of  other  PKC 
isotypes.  Thus,  it  seems  that  these  experiments  are  more  complicated  than  we  had  imagined. 

We  are  encouraged  by  our  results  with  RNAi  and  we  plan  to  proceed  to  the  isolation  of  stable  clones.  In 
other  work  we  have  examined  BHK  cells  transfected  with  GFP  constructs  using  fluorescence 
microscopy  to  assess  transfection  efficiency.  Our  results  with  that  system  give  us  the  impression  that 
the  transfection  efficiency  is  likely  to  be  about  40-50%  for  PC3  cells.  This  means  that  PKC  might  have 
been  fully  knocked  down  in  40-50%  of  the  PC3  cells  under  the  conditions  of  our  experiments.  Thus, 
stable  clones  selected  for  successful  transfection  could  give  much  better  results. 

3.  KEY  ACCOMPLISHMENTS 


Task  3  was  nearly  completed  and  we  made  considerable  headway  on  task  4.  The  work  has  shown  that 
NT  growth  signaling  involves  complex  effects  on  PKC  and  AA  metabolism.  As  discussed  below,  there 
are  also  feedback  effects  by  PKC  on  NT  receptor  function.  In  addition,  general  metabolism  is 
important,  perhaps  by  supplying  ATP  for  the  actions  of  PKC. 

4.  REPORTABLE  OUTCOMES- 

A.  Regulatory  Peptides,  133:105-114,  2006 

We  knew  from  the  outset  of  this  grant  work  that  fatty  acids,  including  arachidonic  acid  (AA)  and  the  AA 
metabolites  (HETES)  resulting  from  the  action  of  lipoxygenases,  could  increase  PKC  activity  in  cell 
preparations.  Therefore,  for  the  purposes  of  this  grant,  it  was  important  to  define  the  relationship 
between  NT  and  the  AA  cascade  in  regards  to  the  regulation  of  PKC  and  NT-induced  growth  signaling. 
Thus,  to  compliment  the  studies  described  here,  we  examined  the  effects  of  AA  pathway  inhibitors  on 
NT-induced  growth  signaling  in  PC3  cells.  Our  findings  support  the  idea  that  the  growth  effects  of  NT 
involve  a  feed  forward  system  whereby  NT  releases  AA  metabolites  which  enhance  its  effects  on  PKC, 
and  that  PKC  mediates  the  activation  of  the  EGF  /  MAP  kinase  cascade.  The  manuscript  describing  this 
work  (Involvement  of  arachidonic  acid  metabolism  and  EGF  receptor  in  neurotensin-induced  prostate 
cancer  PC3  cell  growth.  Regulatory  Peptides,  133:105-114,  2006)  is  attached  below. 

B.  Prostaglandins,  Leukotrienes  and  Essential  Fatty  Acids,  74:93-107,  2006 

Since  the  AA  cascade  interacts  with  PKC,  and  PKC  inhibitors  alter  NT  binding  (see  above),  it  was  also 
important  for  the  purposes  of  this  grant  to  define  the  effects  of  the  AA  cascade  on  NT  binding  in  PC3 
cells.  During  this  period,  we  performed  some  studies  in  this  area,  and  our  results  support  the  idea  that 
the  NT  receptor  is  regulated  by  specific  feedback  mechanisms  involving  lipid  peroxidation  and/or 
lipoxygenase-dependent  reactions.  The  manuscript  describing  this  work  (Regulation  of  neurotensin 
receptor  function  by  the  arachidonic  acid  lipoxygenase  pathway  in  prostate  cancer  PC3  cells.  Prost  Leuk 
Essen  Fatty  Acids  74:93-107,  2006)  is  attached  below. 
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C.  Regulatory  Peptides,  in  press,  2007 


We  also  knew  from  the  outset  of  this  project  that  cellular  metabolism  and  the  formation  of  ATP  was 
likely  to  influence  PKC  activity  since  all  kinases  require  ATP.  Therefore,  for  the  purposes  of  this  grant 
it  was  important  to  define  the  effects  of  general  metabolism  on  NT  receptor  binding  and  NT-induced 
growth  signaling.  We  performed  some  studies  during  this  period,  and  our  work  indicated  that  metabolic 
inhibitors  displayed  effects  on  NT  binding  and  signaling  that  were  similar  to  those  seen  with  PKC 
inhibitors.  These  findings  are  germane  to  the  current  studies  because  they  further  define  the  mechanisms 
regulating  the  interactions  of  NT  and  PKC.  In  addition,  they  underline  the  importance  of  defining  the 
general  metabolic  effects  of  the  agents  under  study.  Overall,  this  work  indicated  that  NT  receptor 
function  was  sensitive  to  metabolism.  Other  preliminary  data  suggests  that  some  of  this  regulation  could 
be  exerted  by  way  of  PKC  since  metabolic  inhibitors  diminished  PKC  substrate  phosphoryation  in  PC3 
cells.  The  manuscript  describing  this  study  (Neurotensin  receptor  binding  and  neurotensin-induced 
growth  signaling  in  prostate  cancer  PC3  cells  are  sensitive  to  metabolic  stress.  Regul  Peptides  in  press, 
2007)  is  attached  to  this  file. 

D.  Peptides  27:2445-2460,  2006 

For  the  purposes  of  this  grant,  it  is  also  important  to  review  the  literature.  In  this  review,  we  evaluated 
the  evidence  that  NT  and  NT  receptors  participate  in  cancer  growth  and  we  described  possible 
mechanisms.  In  addition,  we  described  the  progress  achieved  in  the  use  of  NT  analogs  to  image  tumors 
in  animals  and  humans.  This  manuscript  (Involvement  of  neurotensin  in  cancer  growth:  evidence, 
mechanisms  and  development  of  diagnostic  tools.  Peptides,  27:2445-2460)  is  attached  below. 

5.  CONCLUSIONS- 

Changes  in  the  Statement  of  Work  (SOW)- 

Our  progress  so  far  on  Task  #3  indicates  that  we  should  finish  this  work  within  the  next  3  months 
(month  15).  Our  studies  on  Task  #4  indicate  that  stable  clones  may  be  necessary  to  successfully 
complete  this  work.  Therefore,  we  plan  to  continue  these  studies  into  the  coming  year,  with  the  first 
goal  being  to  isolate  individual  clone  pools  that  display  specific  PKC  isotype  knockdown  for  PKCa, 
PKCp,  PKC8  and  PKCs.  Then,  within  the  next  6  months  (month  18),  we  hope  to  complete  Task  4.  If 
this  goes  well,  we  will  proceed  to  Task  5  (month  18-24).  We  hope  to  start  Task  6  next  year  (month  20) 
but  the  work  will  run  into  the  final  year.  At  this  time,  it  seems  wise  to  postpone  any  animal  work  until 
these  studies  are  done,  because  we  may  have  to  reevaluate  these  studies  based  on  our  findings. 
Therefore,  Tasks  1  and  2  are  assigned  in  the  final  year  (months  24-36). 

Thus,  the  new  SOW  is  given  below: 


New  Statement  of  Work 

Prostate  Cancer  Cell  Growth:  Stimulatory  Role  of  Neurotensin  and  the  Mechanism  of  Inhibition 

by  Flavonoids  as  Related  to  Protein  Kinase  C 

Task  1.  Determine  Ability  of  FLAV  to  Inhibit  NT-induced  Tumor  Growth  in  Mice  (months  24-36). 

A-  Does  SoyC  Inhibit  Effect  of  Exogenous  NT  on  PC3  Tumor  Growth? 

B-  Does  SoyC  Inhibit  Effect  of  Endogenous  NT  on  PC3  Tumor  Growth? 

C-  Determine  Contribution  of  Endogenous  NT  to  the  Enhanced  Tumor  Growth  Induced  by  a 
High-fat  Low-SoyC  Diet  (Western  Diet). 
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Task  2.  Determine  Effect  of  FLAV  on  LNCaP  Tumor  Growth  in  Mice  (months  24-36). 

A-  Measure  Effect  of  Dietary  Fat  on  Androgen-dependent  and  Androgen-independent  Growth  of 
Tumors  in  Mice. 

B-  Measure  Effects  of  FLAV  on  Androgen-dependent  and  Androgen-independent  Growth  of 
Tumors  in  Mice. 

Task  3.  Identify  PKC-isotypes  that  are  Activated  by  NT-induced  Growth  Signaling  (months  1-15). 

A-  Examine  Effects  of  NT  on  PKC-isotype  Phosphorylation. 

B-  Examine  Effects  of  NT  on  PKC-isotype  Translocation. 

C-  Examine  Effects  of  NT  on  PKC-isotype  Activity. 

Task  4.  Identify  PKC-isotypes  that  are  Essential  for  NT-induced  Growth  Signaling  (months  1-24). 

A-  Validate  the  Methods  for  use  in  PC3  and  LNCaP  Cells. 

B-  Examine  Effects  of  PKC-isotype  Knockdown  on  Growth  Responses. 

Task  5.  Determine  Effects  of  FLAV  on  Expression  and  Activation  of  PKC-isotypes  (months  12-24). 

Task  6.  Determine  Effects  of  FLAV  on  NT  Signaling  Modules  in  Caveolae  (months  20-30). 

6.  REFERENCES- 

The  references  are  listed  and  discussed  in  REPORTABLE  OUTCOMES.  In  addition  these  manuscripts 
are  in  the  APPENDIX. 

7.  APPENDIX- 
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Abstract 

Dietary  fats,  which  increase  the  risk  of  prostate  cancer,  stimulate  release  of  intestinal  neurotensin  (NT),  a  growth-promoting  peptide  that 
enhances  the  formation  of  arachidonic  acid  metabolites  in  animal  blood.  This  led  us  to  use  PC3  cells  to  examine  the  involvement  of  lipoxygenase 
(LOX)  and  cyclooxygenase  (COX)  in  the  growth  effects  of  NT,  including  activation  of  EGF  receptor  (EGFR)  and  downstream  kinases  (ERK, 
AKT),  and  stimulation  of  DNA  synthesis.  NT  and  EGF  enhanced  [3H]-AA  release,  which  was  diminished  by  inhibitors  of  PLA2  (quinacrine), 
EGFR  (AG  1478)  and  MEK  (U0126).  NT  and  EGF  phosphorylated  EGFR,  ERK  and  AKT,  and  stimulated  DNA  synthesis.  These  effects  were 
diminished  by  PLA2  inhibitor  (quinacrine),  general  LOX  inhibitors  (NDGA,  ETYA),  5-LOX  inhibitors  (Rev  5901,  AA861),  12-LOX  inhibitor 
(baicalein)  and  FLAP  inhibitor  (MK886),  while  COX  inhibitor  (indomethacin)  was  without  effect.  Cells  treated  with  NT  and  EGF  showed  an 
increase  in  5-HETE  levels  by  HPLC.  PKC  inhibitor  (bisindolylmaleimide)  blocked  the  stimulatory  effects  of  NT,  EGF  and  5-HETE  on  DNA 
synthesis.  We  propose  that  5-LOX  activity  is  required  for  NT  to  stimulate  growth  via  EGFR  and  its  downstream  kinases.  The  mechanism  may 
involve  an  effect  of  5-HETE  on  PKC,  which  is  known  to  facilitate  MEK-ERK  activation.  NT  may  enhance  5-HETE  formation  by  Ca2+-mediated 
and  ERK-mediated  activation  of  DAG  lipase  and  cPLA2.  NT  also  upregulates  cPLA2  and  5-LOX  protein  expression.  Thus,  the  growth  effects  of 
NT  and  EGF  involve  a  feed-forward  system  that  requires  cooperative  interactions  of  the  5-LOX,  ERK  and  AKT  pathways. 

©  2005  Elsevier  B.V.  All  rights  reserved. 

Keywords :  Prostate  cancer;  5 -lipoxygenase;  5-HETE;  Neurotensin;  EGF;  DNA  synthesis 


1.  Introduction 

Epidemiological  studies  and  animal  experiments  suggest  a 
link  between  dietary  fat  intake  and  the  risk  of  cancer  including 
prostate  cancer  (PC)  [1-3].  This  may  be  due  to  an  elevation  of 
0)-6  fatty  acids  such  as  arachidonic  acid  (AA)  since  AA  can 
exert  important  effects  on  the  proliferation  of  PC  cells  [4,5].  In 
addition,  the  turnover  of  AA  is  10-fold  greater  in  malignant 
than  in  benign  prostatic  tissue  [6],  suggesting  that  metabolic 
pathways  involving  lipoxygenase  (LOX)  and/or  cyclooxygen¬ 
ase  (COX)  are  activated.  Work  by  Anderson  [7]  and  Ghosh  [8] 
using  specific  inhibitors  have  shown  that  LOX  pathways  are 
particularly  important  in  regulating  PC  cell  growth.  LOXs  are  a 
family  of  nonheme  iron  oxygenases  named  according  to  site 
specificity  (5-LOX,  12-LOX  and  15-LOX),  which  catalyze  the 
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conversion  of  AA  to  peroxy-(HpETE)  and  hydroxy-(HETE) 
derivatives,  and  to  various  leukotrienes  [9-11].  PC  specimens 
and  cell  lines  often  overexpress  LOXs  [12-15]  and  display 
increased  levels  of  LOX  metabolites  [8].  Since  LOX  metabo¬ 
lites  can  promote  PC  cell  growth  [4, 1 6]  and  LOX  inhibitors  can 
induce  apoptosis  [8,17],  it  is  clear  that  LOX  activity 
(particularly  5-LOX  activity)  is  key  to  the  growth  and  survival 
of  PC  cells. 

Neurotensin  (NT),  a  peptide  found  in  brain,  gut  and 
peripheral  nerves  [18,19],  enhances  growth  of  normal  intestinal 
mucosa  [20]  and  stimulates  mitogenesis  in  a  variety  of  cancer 
cell  lines  [21-23].  Since  NT  is  released  by  fat  ingestion  in 
animals  and  humans  [24,25],  NT  might  contribute  to  fat- 
induced  cancer  cell  growth.  PC  cells  over-express  the  NT 
receptor  (NTR1)  [26],  and  NT  stimulates  growth  of  both 
androgen-dependent  (LNCaP)  [27]  and  androgen-independent 
(PC3)  cells  [26].  We  have  shown  that  the  growth  effect  of  NT 
in  PC3  cells  involves  protein  kinase  C  (PKC)-dependent, 
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EGFR-mediated  activation  of  multiple  signaling  cascades, 
including  the  Raf/MEK/ERK  pathway  (MAPK)  and  the 
PI3K/AKT  pathway  [28].  Since  NTR1  is  coupled  to  Gq/n 
[29],  NT  typically  produces  inositol  phosphates  (IP)  by 
activation  of  phosphatidylinositol-specific  phospholipase  C 
(PLC)  and  mobilizes  intracellular  Ca2+  [30].  By  emptying  the 
Ca2+-store,  NT  stimulates  Ca2+-influx  through  store-operated 
Ca2+-channels  [31].  Recent  work  indicates  that  this  can  be  a 
strong  stimulus  for  the  release  of  AA  from  cellular  phospho¬ 
lipids  and  its  conversion  to  bioactive  eicosanoids  [32].  The  fact 
that  NT  increases  the  formation  of  LOX  metabolites  in  animals 
[33]  suggests  that  NT  might  stimulate  AA  metabolism  in  PC3 
cells  by  affecting  LOX  pathways.  Since  LOX  pathways  exert 
important  effects  on  PC  cell  growth,  we  hypothesize  that  LOXs 
are  involved  in  the  growth-enhancing  effects  of  NT. 

AA  plays  a  pivotal  role  in  cell  signaling  [34,35]  and 
proliferation  [36],  and  its  release  has  been  shown  in  response  to 
EGF  and  other  growth  stimuli  [37-40].  Phospholipase  A2 
(PLA2)  plays  an  important  role  in  the  release  of  AA  from 
membrane  phospholipids  [41,42],  and  diacylglycerol  (DAG)- 
lipase  can  liberate  AA  by  acting  on  DAG  formed  by  activated 
PLC  [43].  The  fact  that  PLA2,  DAG-lipase  and  LOXs  are 
Ca2+-sensitive  enzymes  suggests  that  Ca2+-signaling  by  NT 
could  enhance  their  activity.  However,  the  effects  of  NT  on 
LOX  pathways  in  cancer  cells  have  not  been  investigated  and 
the  role  of  AA  and  its  metabolites  in  NT-induced  cancer  cell 
growth  is  not  known. 

In  the  present  study,  we  use  PC3  cells  to  examine  the  effects 
of  NT  on  AA  release  and  on  the  activity  of  LOX  systems;  we 
test  LOX  inhibitors  for  effects  on  NT-induced  signaling  and 
cell  growth;  and  we  investigate  the  role  of  the  MAPK  pathway 
in  the  effects  of  NT  on  AA  metabolism  and  cell  growth.  Our 
results  indicate  that  the  ability  of  NT  and  EGF  to  stimulate 
growth  via  the  MAPK  pathway  is  highly  dependent  on  AA 
release  and  5 -LOX  activity.  In  a  reciprocal  manner,  the  ability 
of  NT  and  EGF  to  stimulate  AA  release  is  dependent  on  the 
activity  of  the  MAPK  pathway.  Thus,  NT  and  EGF  appear  to 
initiate  a  feed-forward  cycle  involving  the  5 -LOX  and  MAPK 
pathways,  which  cooperatively  stimulate  PC3  cell  growth. 

2.  Materials  and  methods 

2.1.  Cell  culture  and  reagents 

PC3  cells  were  obtained  from  the  American  Type  Culture 
Collection  (Manassas,  VA)  and  were  cultured  using  F12K 
medium  supplemented  with  10%  fetal  bovine  serum  [26]. 
Antibodies  to  cPLA2,  phospho-ERK,  ERK,  phospho-Akt,  Akt, 
phospho-EGFR  and  EGFR  were  from  Santa  Cruz  Biotechnol¬ 
ogy,  CA.  5-0S>HETE,  12-(S>HETE,  15-(S>HETE  and  anti¬ 
bodies  to  human  5 -LOX,  12-LOX  and  15 -LOX  were  from 
Cayman  Chemical  Company  (Ann  Arbor,  MI).  The  radio¬ 
chemicals  [methyl-3H] -thymidine  and  [5, 6, 8, 9, 11,12,14, 
15,3H]-arachidonic  acid  were  from  Perkin  Elmer  Life  Science 
(Boston,  MA).  Bisindolylmaleimide-I,  AG1478,  PD1 53035, 
MK886  and  AACOF3  were  from  Calbiochem  (San  Diego, 
CA).  Delta  Pak  HPLC  cartridges  were  from  Waters  (Milford, 


MA)  and  HPLC  grade  solvents  were  from  Baker  Chemical 
Company  (Phillip sburg,  NJ).  RHC80267  was  from  Biomol 
(Plymouth  Meeting,  PA).  NT,  NDGA,  ETYA,  Rev-5901, 
AA861  and  all  other  chemicals  were  from  Sigma  (St.  Louis, 
MO). 

2.2.  DNA  synthesis  assay 

The  assay  was  performed  as  described  [28].  In  brief,  104 
cells  were  plated  per  well  in  24-well  plates.  After  24  h,  cells 
were  serum-starved  48  h,  and  fresh  medium  was  added  with 
stimuli.  After  24  h,  [3H] -thymidine  (1  pCi/well)  was  added  for 
3  h.  When  used,  inhibitors  were  added  30  min  before 
stimulation.  DNA  was  precipitated  with  6%  TCA,  washed  in 
PBS  and  ethanol,  solubilized  in  0.3  N  NaOH,  0.1%  SDS,  and 
counted  by  liquid  scintillation  spectrometry. 

2.3.  Western  blot  analysis 

Western  blot  analysis  was  performed  as  described  [28].  In 
brief,  PC3  cells  were  grown  in  60-mm  dishes  and  serum  was 
withdrawn  for  24  h.  Cells  were  washed  with  hepes-buffered 
Locke  (Locke):  148  mM  NaCl;  5.6  mM  KC1,  6.3  mM  hepes; 
2.4  mM  NaHC03;  1.0  mM  CaCl2;  0.8  mM  MgCl2;  5.6  mM 
glucose  and  0.1%  BSA.  Cells  were  exposed  to  stimuli  as 
indicated,  washed  in  ice-cold  PBS  with  phosphatase  inhibitors, 
placed  on  ice,  scraped  into  2  x  SDS  buffer  with  phosphatase 
inhibitors  and  sonicated.  Equal  amounts  of  protein  were 
separated  by  SDS-PAGE  and  transferred  to  PVDF  (Immobilon 
P,  Millipore).  After  blocking  in  5%  non-fat  dry  milk  in  TTBS: 
20  mM  Tris,  0.05%  Tween-20,  0.5M  NaCl  for  lh  and  washing 
in  TTBS,  blots  were  incubated  18  h  at  4  °C  with  the  primary 
antiserum.  After  washing,  blots  were  incubated  with  HRP- 
linked  secondary  antibody  for  1  h,  and  ECL  was  performed 
according  to  manufacturer  (Santa  Cruz).  After  staining,  blots 
were  stripped  and  reprobed  with  different  antibodies  for 
comparison  and  for  normalization. 

2.4.  Measurement  of  AA  release 

PC3  cells  (80%  confluent  in  24-well  plates)  were  withdrawn 
from  serum  for  20  h,  labeled  by  incubation  with  1  pCi  [3H]- 
AA/ml  for  20  h,  and  then  washed  5x  with  0.5%  fat-free  BSA. 
Inhibitors  were  added  for  30  min,  followed  by  stimulation  with 
NT  and  EGF  for  30  min  at  37  °C.  After  stimulation,  a  sample  of 
the  medium  was  centrifuged  12000  xg  for  10  min  and 
radioactivity  in  the  supernatant  was  determined  by  liquid 
scintillation  counting.  Released  radioactivity  was  expressed  as 
a  percentage  of  total  radioactivity  in  the  cells,  measured  after 
solubilizing  with  0.2  NaOH. 

2.5.  Measurement  of  AA  metabolites 

PC3  cells,  grown  to  40%  confluence  in  10-cm  dishes  and 
withdrawn  from  serum  for  24  h,  were  incubated  with  stimuli  for 
24  h.  After  washing  in  PBS  (Dulbecco,  Gibco),  cells  were 
incubated  for  2  h  in  4  ml  PBS  containing  1 .5  mM  CaCl2, 1 .0  mM 


S.  Hassan,  R.E.  Carraway  /  Regulatory  Peptides  133  (2006)  105-114 


107 


MgCl2,  5  mM  glucose,  5  mM  pyruvate.  Reactions  were  stopped 
by  adding  2  ml  CH3OH  plus  0.2  ml  2N  HC1  and  the  plates  were 
placed  at  —  20  °C  overnight.  The  medium  was  removed  and  cells 
were  gently  washed  with  2  ml  CH3CN.  The  combined  washes 
were  concentrated  (Savant  Speed- Vac)  to  a  final  volume  of  1 .4 
ml  having  30%  CH3OH,  centrifuged  at  14000  xg  and  analyzed 
by  reverse-phase  HPLC  using  Water’s  equipment,  a  radial-pak 
cartridge  column  (p-Bondapak  Cl 8;  8x1 00mm)  and  modified 
methods  [44].  Separation  of  AA  metabolites  was  achieved  by 
linear  gradient  elution  at  1.5  ml/min  from  buffer  A  (42%  H20, 
32%  CH3CN,  26%  CH3OH,  0.04%  TFA)  to  buffer  B  (2%  H20, 
42%  CH3CN,  56%  CH3OH)  while  monitoring  A236  nm  (0.05 
AUFS).  TFA  was  added  to  buffer  B  until  its  absorbance  matched 
that  of  buffer  A.  Peaks  were  identified  by  relating  retention 
times  to  those  for  authentic  standards:  5-HETE,  20.5  min;  12- 
HETE,  19.5  min;  1 5-HETE,  18.7  min  and  quantities  were 
measured  by  peak  integration.  Results  were  normalized  to 
cellular  protein  (Bio-Rad  protein  assay)  and  expressed  as  ng/mg 
protein  and  nmoles/liter  incubate. 

2.6.  Cellular  ATP  measurement 
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Fig.  1.  Western  blot  assessing  expression  of  5-LOX,  12-LOX,  15-LOX  and 
cPLA2  in  PC3  cells.  Cells  were  extracted  in  SDS  loading  buffer  containing 
inhibitors  and  =  70  pg  of  protein  was  subjected  to  SDS-PAGE.  After  transfer,  the 
PVDF  membrane  was  blotted  using  specific  antisera  and  ECL  was  performed. 
Shown  is  a  typical  result  for  3  experiments.  Standard  (S)  was  an  extract  of 
human  white  blood  cells  for  LOXs  and  an  extract  of  HL60  cells  for  cPLA2. 


3.2.  Effect  of  NT,  EGF  and  HETEs  on  growth  responses  in  PC  3 
cells 


Approximately  104  cells  were  plated  per  well  in  24-well 
plates.  After  24  h,  cells  were  withdrawn  from  serum  for  48 
h  and  fresh  medium  was  added  with  stimuli.  After  24  h, 
medium  was  aspirated,  250  pi  1.2%  TCA  was  added  and  the 
plates  were  placed  at  —20  °C.  After  24  h,  the  pH  was  adjusted 
to  7  using  NaOH,  and  20  pi  was  added  to  each  well  of  a  96- 
well  luminometer  plate.  The  plate  was  placed  in  a  Beckman 
LD400  luminometer,  which  was  programmed  to  add  1 00  pi  of 
luciferase  bioluminescent  reagent  (Sigma)  and  to  integrate 
luminescence  over  20  s. 

2.7.  Statistical  analysis 

All  experiments  were  performed  at  least  three  times  with 
similar  results.  The  experimental  values  obtained  were 
expressed  as  mean  +  SEM  with  N  indicating  the  number  of 
independent  observations.  Statistical  analysis  was  performed 
using  Graph-Pad  Prism.  Comparisons  showing  /><0.05  were 
considered  statistically  significant. 

3.  Results 


NT  and  EGF  activate  EGFR,  ERK  and  AKT,  stimulating 
DNA  synthesis  in  PC3  cells.  Maximal  effects  are  observed 
using  30  nM  NT  and  10  nM  EGF  [28].  To  assess  the 
involvement  of  5-LOX  and  12-LOX  in  NT-induced  and 
EGF-induced  growth,  we  examined  the  effects  of  5(S)-HETE 
and  12(S)-HETE,  alone  and  in  combination  with  a  maximal 
dose  of  NT  or  EGF.  Fig.  2A  shows  that  100  nM  5(S)-HETE 
and  100  nM  12(S)-HETE  stimulated  DNA  synthesis  (=40% 
increase)  as  did  30  nM  NT  (=60%  increase)  and  10  nM  EGF 
(=100%  increase).  However,  their  combined  effects  were  less 
than  additive  for  either  HETE  plus  NT  and  for  either  HETE 
plus  EGF  (Fig.  2A).  This  was  not  due  to  a  ceiling  effect  since 
2%  serum  increased  DNA  synthesis  by  300%  (results  not 
shown).  In  addition,  5(S)-HETE  and  12(S)-HETE  both 
stimulated  ERK  phosphorylation,  and  this  effect  was  less  than 
additive  when  combined  with  NT  or  EGF  (Fig.  2B).  These 
results  suggest  that  NT  and  EGF  share  a  common  growth¬ 
signaling  pathway  with  5(S)-HETE  and  12(S)-HETE. 

3.3.  Effect  of  NT  and  EGF  on  release  of  [3H]-AA  from  labeled 
PC3  cells 


3.1.  PC3  cells  express  cPLA2,  5-LOX  and  12-LOX 

To  investigate  the  involvement  of  LOX  pathways  in  the 
effects  of  NT,  we  first  determined  which  LOX  pathway 
enzymes  were  expressed  in  PC3  cells.  Cellular  A  A  is  generally 
liberated  from  membrane  phospholipids  by  cPLA2,  and  then 
peroxidized  at  specific  sites  by  5-LOX,  12-LOX  and  15-LOX. 
To  determine  which  of  these  enzymes  is  expressed  in  PC3  cells, 
we  performed  western  blotting  using  specific  antisera.  PC3  cells 
tested  positively  for  cPLA2,  5-LOX  and  12-LOX,  giving  bands 
corresponding  to  the  standards  (Fig.  1).  In  contrast,  15-LOX 
was  not  detected.  These  findings  indicate  the  presence  of 
proteins  similar  to  cPLA2,  5-LOX  and  12-LOX  in  PC3  cells. 


The  release  of  AA  from  membrane  phospholipids  can  be 
rate-determining  for  cellular  LOX  activity  [45,46],  and  this  step 
can  be  catalyzed  by  activation  of  PLA2  [47].  Here,  we  found 
that  NT  and  EGF  stimulated  [3H]-AA  release  from  labeled  PC3 
cells  in  a  time-dependent  and  dose-dependent  manner.  The 
release  of  [3H]-AAwas  significantly  enhanced  at  15,  30  and  60 
min,  with  an  optimal  effect  at  30  min  (results  not  shown).  The 
maximal  effect  of  NT  was  to  increase  basal  release  by  =70% 
and  the  EC50  was  =0.3  nM  (Fig.  3 A).  EGF  increased  basal 
release  by  =80%  and  displayed  an  EC50  of  =  1.2  nM  (Fig.  3A). 
These  results  show  that  doses  of  NT  and  EGF  that  are  known  to 
stimulate  PC3  cell  growth  also  enhance  AA  release  from 
cellular  membranes. 
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Fig.  2.  Non-additivity  for  the  effects  of  HETEs  with  those  of  NT  and  EGF  on 
DNA  synthesis  (A)  and  ERK  phosphorylation  (B)  in  PC3  cells.  In  (A), 
quiescent  cells  were  treated  with  NT  (30  nM),  EGF  (10  nM),  5-HETE  (100  nM) 
and  12-HETE  (100  nM)  alone  or  in  combination  for  24  h.  The  incorporation  of 
[3H] -thymidine  into  DNA  was  measured,  and  the  data  were  expressed  as  % 
control.  */?<0.05;  **/?<0.01  as  compared  with  control.  In  (B),  quiescent  cells 
were  stimulated  with  NT  (30  nM),  EGF  (10  nM),  5-HETE  (500  nM)  and  12- 
HETE  (500  nM)  alone  or  in  combination  for  5  min.  Cell  lysates  were  subjected 
to  western  blotting  using  phospho-specific  and  enzyme-specific  antibodies  to 
ERK.  Shown  is  a  typical  result  for  3  experiments. 


3.4.  Effect  of  PLA2  and  DAG-lipase  inhibitors  on  NT-induced 
and  EGF-induced  AA  release 

AA  release  can  be  performed  by  PLA2  or  by  the  actions  of 
PLC  and/or  PLD  followed  by  DAG  lipase  [48].  Pretreatment  of 
PC3  cells  with  the  PLA2  inhibitor  (quinacrine)  diminished  AA 
release  in  response  to  NT  and  to  EGF  (Fig.  3B).  In  contrast,  the 
DAG  lipase  blocker  (RHC-80267)  selectively  inhibited  the 
response  to  NT,  while  having  little  effect  on  the  response  to 
EGF  (Fig.  3B).  These  results  indicate  that  the  AA  release 
response  to  NT  involves  activation  of  PFA2  and  DAG  lipase, 
while  the  response  to  EGF  depends  primarily  on  PFA2. 

3.5.  Involvement  of  EGFR  and  MAPK  pathway  in  NT/EGF- 
induced  AA  release 

Since  cPFA2  can  be  activated  by  ERK  [49]  and  since  NT 
and  EGF  are  known  to  activate  ERK  by  way  of  EGFR  and  the 
MAPK  pathway,  we  assessed  the  importance  of  EGFR  and  the 
MAPK  pathway  for  the  effects  of  NT  and  EGF  on  AA  release. 
Pretreatment  of  cells  with  EGFR-specific  tyrosine  kinase 
inhibitors  (AG1478,  PD1 53035)  or  with  MAPK  inhibitor 
(U0126)  dose-dependently  diminished  [3H]-AA  release  in 
response  to  NT  and  EGF  (Fig.  4).  These  results  indicate  that 


EGFR  and  the  MAPK  pathway  must  be  functional  for  NT  and 
EGF  to  fully  promote  A  A  release. 

3.6.  NT  and  EGF  elevate  5-HETE  levels 

Products  of  AA  metabolism  in  PC3  cells  incubated  with 
and  without  NT  and  EGF  were  separated  by  reverse-phase 
HPEC.  Attention  was  focused  on  FOX  metabolites  using 
absorbance  at  236  nm  to  quantitate  5-HETE,  12-HETE  and 
1 5-HETE  identified  by  retention  time.  To  assess  the  ability  of 
NT  and  EGF  to  upregulate  LOX  pathways,  quiescent  cells 
were  stimulated  with  these  peptides  for  24  h  in  RPMI  and 
then  fresh  medium  was  added  for  2  h  to  determine  the 
generation  of  LOX  products.  Under  basal  conditions,  5-HETE 
was  the  major  metabolite  (94+17  ng/mg  protein)  while  only 
minor  amounts  of  12-HETE  and  1 5-HETE  were  recovered 
(<9  ng/mg  protein).  NT  and  EGF  significantly  increased  the 
formation  of  5-HETE  (30-50%  increase)  but  the  effects  on 
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Fig.  3.  Dose-response  relationships  for  stimulatory  effects  of  NT  and  EGF  on 
[3H]-AA  release  from  PC3  cells  (A)  and  inhibition  of  these  responses  by  agents 
known  to  inhibit  phospholipase  A2  (quinacrine)  and  DAG  lipase  (RHC80267) 
activity  (B).  In  A,  cellular  phospholipids  were  labeled  with  [3H]-AA,  the  cells 
were  incubated  with  the  indicated  concentrations  of  NT  or  EGF  for  30  min,  and 
the  release  of  [3H]-AA  was  determined  as  %  of  total  cellular  radioactivity.  In  B, 
cells  labeled  with  [3H]-AA  were  pre -treated  for  15  min  with  each  agent  (10  pM) 
or  0.1%  the  indicated  concentrations  of  agents  or  0.1%  DMSO  (control)  prior  to 
being  stimulated  with  30  nM  NT  or  25  nM  EGF  for  30  min.  [3H]-AA  was 
determined  and  data  were  expressed  as  %  control.  The  data  shown  represent  3 
experiments.  *  jo<0.05;  **  /?  <0.01  compared  with  control. 
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Fig.  5.  NT  and  EGF  enhance  cPLA2  and  5-LOX  protein  expression  in  PC3 
cells.  Quiescent  cells  were  incubated  with  30  nM  NT,  25  nM  EGF  or  vehicle 
(control)  for  24  h,  and  cell  extracts  were  subjected  to  western  blotting  with 
specific  antisera.  Shown  is  a  typical  result  for  an  experiment  that  was  performed 
3  times.  The  relative  intensities  of  the  bands  for  cPLA2  and  5-LOX  were 
elevated  about  2-fold  when  normalized  to  (3-actin. 


Fig.  4.  Effects  of  tyrosine  kinase  inhibitors  (AG1478,  PD  153035)  and  MEK 
inhibitor  (U0126)  on  [3H]-AA  release  from  PC3  cells  in  response  to  NT  and 
EGF.  Labeled  cells  were  pre-treated  with  the  indicated  concentrations  of 
inhibitors  or  0.1%  DMSO  (control)  for  15  min  and  then  stimulated  with  30  nM 
NT  or  25  nM  EGF  for  30  min.  The  [3H]-AA  release  was  determined  and 
expressed  as  %  control.  The  data  shown  represent  3  experiments.  *  p  <0.05;  ** 
/?<0.01  compared  with  control. 


12-HETE  and  15-HETE  levels  were  immeasurable  (Table  1). 
The  calculated  concentration  of  5-HETE  in  the  medium 
(basal,  =70  nM;  stimulated,  =100  nM)  was  near  to  that  found 
to  activate  ERK  (Fig.  2B)  and  to  enhance  DNA  synthesis  in 
PC3  cells  (Fig.  2A). 

3. 7.  NT  enhances  expression  of  5-LOX  pathway 

Since  NT  enhanced  the  formation  of  5-HETE,  we  used 
western  blotting  to  assess  the  effect  of  NT  on  cPLA2  and  5- 
LOX  protein  expression.  The  results  in  Fig.  5  show  that  the 
levels  of  cPLA2  and  5-LOX  protein  were  increased  in  PC3 
cells  incubated  with  NT  or  EGF  for  24  h. 

3.8.  LOX  blockers  inhibit  NT-/EGF -induced  activation  of  ERK 
and  AKT 

Various  LOX  pathway  blockers  were  tested  for  effects 
using  doses  of  each  agent  known  to  inhibit  the  enzymes  under 
study  and  shown  in  preliminary  experiments  not  to  dramat- 


Table  1 

Effect  of  NT  and  EGF  on  the  formation  of  5-HETE  by  PC3  cells 


Treatment 

Concentration 

5-HETE  levelb 

(nM) 

(%  control) 

NT 

10  nM 

132  +  9** 

100  nM 

128+10* 

EGF 

10  nM 

131+11* 

100  nM 

154+20 

a  PC3  cells  in  10-cm  dishes  were  treated  for  24  h  with  the  indicated  stimuli  and 
then  incubated  for  2  h  in  4  ml  of  buffer. 

b  5-HETE  levels  were  determined  by  HPLC,  and  under  control  conditions  were 
94+17  ng/  mg  protein  (mean  +  SEM,  n=6).  Given  are  5-HETE  levels 
(mean+SEM)  determined  in  4  or  5  experiments  and  expressed  relative  to 
control  (100%).  Under  all  conditions,  the  levels  of  12-HETE  and  15-HETE 
were  <9  ng/mg  protein. 

*/?<0.05;  **/?<0.01. 


ically  alter  basal  activity.  PLA2  inhibitor  (quinacrine) 
diminished  the  activation  of  MAPK  and  AKT  in  response 
to  NT  (Fig.  6 A)  and  EGF  (Fig.  6B).  Similar  effects  were 
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Fig.  6.  Effect  of  various  inhibitors  of  PLA2,  LOX  and  COX  on  phosphorylation 
of  ERK,  AKT  and  EGFR  in  response  to  NT  (A)  and  EGF  (B)  in  PC3  cells. 
Quiescent  cells  were  preincubated  with  PLA2  inhibitor  (quinacrine,  30  pM)  or 
LOX-inhibitors  (NDGA,  30  pM;  ETYA,  30  pM)  or  FLAP  inhibitor  (MK886,  30 
pM),  selective  5-LOX  inhibitors  (Rev5901,  30  pM;  AA861,  30  pM),  12-LOX 
inhibitor  (baicalin,  30  pM),  COX  inhibitor  (indomethacin,  50pM),  or  control 
(0.3%  DMSO)  for  15  min  and  then  stimulated  with  NT  (20  nM)  or  EGF  (1  nM) 
for  3  min.  Shown  is  a  typical  result  for  an  experiment  that  was  performed  3  times. 
Note  that  LOX  blockers  inhibited  the  effects  of  NT  and  EGF  on  phosphoryation 
of  ERK  and  AKT  without  altering  the  effects  on  phosphorylation  of  EGFR. 
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displayed  by  broad  specificity  LOX  inhibitors  (NDGA  and 
ETYA),  FLAP  inhibitor  (MK886)  and  selective  5-LOX 
inhibitors  (Rev  5901  and  AA861).  The  12-LOX  inhibitor 
(baicalein)  was  less  effective,  and  the  COX  inhibitor 
(indomethacin)  had  no  effects  (Fig.  6AB).  None  of  the  agents 
diminished  the  ability  of  NT  (Fig.  6 A)  or  EGF  (Fig.  6B)  to 
phosphorylate  EGFR,  indicating  that  these  inhibitors  act 
downstream  of  EGFR  to  block  MAPK  activation.  These 
results  indicate  an  involvement  of  the  5-LOX  pathway  in  the 
activation  of  MAPK  and  AKT  by  NT  and  EGF. 

3.9.  LOX  blockers  inhibit  NT-induced  and  EGF -induced  DNA 
synthesis 

LOX  pathway  blockers  were  also  tested  for  an  ability  to 
inhibit  NT-induced  and  EGF-induced  DNA  synthesis.  The 
doses  of  the  agents  used  here  were  =  30-fold  less  than  for  the 
MAPK  experiments  (above)  due  to  the  longer  exposure  time 
(24  h  vs.  15  min).  The  results  were  similar  to  those  for  MAPK 
activation  in  that  inhibitors  of  PLA2  and  5-LOX,  but  not  the 
COX  inhibitor,  diminished  responses  to  NT  and  EGF  (Fig.  7). 
To  confirm  the  lack  of  effect  by  the  COX  inhibitor,  we  also 
tested  the  ability  of  PGE2  to  stimulate  DNA  synthesis. 
Treatment  of  quiescent  PC3  cells  for  24  h  with  PGE2  (10 
nM,  100  nM,  1  pM  and  10  pM)  did  not  significantly  enhance 
DNA  synthesis  (3  experiments; p> 0.05).  These  results  indicate 
that  the  5-LOX  pathway  participates  in  NT-induced  and  EGF- 
induced  DNA  synthesis,  while  COX  pathways  are  not  actively 
involved. 
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Fig.  7.  Effects  of  inhibitors  of  PLA2,  LOX  and  COX  on  DNA  synthesis 
response  to  NT  and  EGF  in  PC3  cells.  Quiescent  cells  were  preincubated  with 
PLA2  inhibitors  (AACOCF3,  1  pM;  quinacrine,  1  pM),  DAG-lipase  inhibitor 
(RHC80267,  2  pM),  LOX-inhibitors  (NDGA,  1  pM;  ETYA,  1  pM),  FLAP 
inhibitor  (MK886,  1  pM),  selective  5-LOX  inhibitors  (Rev5901,  3  pM;  AA861, 
2  pM),  12-LOX  inhibitor  (baicalin  1  pM),  COX  inhibitor  (indomethacin,  5 
pM),  or  control  (0.02%  DMSO)  for  30  min  followed  by  stimulation  with  NT 
(10  nM)  or  EGF  (10  nM)  for  24  h.  The  incorporation  of  [3H] -thymidine  into 
DNA  was  measured  and  the  data  were  expressed  as  %  control.  The  data  shown 
represent  at  least  3  experiments.  *  /?<0.05;  **/?<0.01  as  compared  with 
control. 
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Fig.  8.  LOX  blockers  inhibit  NT-induced  and  EGF-induced  elevation  in  ATP 
levels  in  PC3  cells,  although  they  do  not  affect  basal  ATP  levels.  Quiescent 
cells  were  preincubated  with  indicated  concentrations  of  LOX  inhibitors  for  30 
min  prior  to  stimulation  with  30  nM  NT  or  10  nM  EGF  for  24  h.  Cellular  ATP 
levels  were  determined  and  expressed  as  %  control.  NT  and  EGF  elevated  ATP 
levels  by  50-60%.  The  data  shown  represent  3  experiments.  *  <0.05; 

**p<0.01  as  compared  with  control. 

3.  JO.  LOX  blockers  inhibit  NT-induced  and  EGF-induced  ATP 
levels 

Cellular  ATP  was  used  as  a  measure  of  proliferation  and 
cytotoxicity  [50].  Initial  experiments  indicated  that  an  18- 
h  exposure  of  cells  to  NT  (30  nM)  and  EGF  (10  nM)  increased 
cellular  levels  of  ATP  by  52  +  5%  and  57  +  5%,  respectively  (3 
experiments;  p< 0.01  versus  control).  When  cells  were 
incubated  with  NDGA,  MK886  or  baicalein  (0.2- 1.0  pM), 
basal  levels  of  ATP  were  unchanged  (results  not  shown), 
indicating  that  these  agents  are  not  cytotoxic.  Nevertheless, 
these  agents  dose-responsively  inhibited  the  ability  of  NT  and 
EGF  to  elevate  ATP  levels  (Fig.  8).  Baicalein  was  less  effective 
than  NDGA  and  MK886.  These  results  indicate  that  these  LOX 
blockers  inhibit  the  growth  effects  of  NT  and  EGF  without 
inducing  cytotoxicity. 
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Fig.  9.  PKC  inhibitor  bisindolylmaleimide-I  (BIS)  dose-responsively  inhibits 
the  DNA  synthesis  response  to  5-HETE,  NT  and  EGF  in  PC3  cells.  Quiescent 
cells  were  pretreated  with  indicated  concentrations  of  BIS  for  30  min  prior  to 
measuring  the  effects  of  5-HETE  (100  nM),  NT  (30  nM)  and  EGF  (10  nM)  on 
DNA  synthesis.  The  data  shown  represent  3  experiments.  *  /?<0.05;  **/><0.01 
as  compared  with  control. 
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3.11.  Growth  effects  of  5-HETE,  NT  and  EGF  are  PKC- 
dependent 

Prior  work  has  shown  that  the  growth  effects  of  NT  are 
PKC-dependent.  [28]  To  better  understand  the  role  of  PKC,  we 
have  now  tested  the  effects  of  PKC  inhibitor  bisindolylmalei- 
mide-I  on  growth  responses  to  5-HETE,  NT  and  EGF.  Our 
results  in  Fig.  9  show  that  bisindolylmaleimide-I  dose- 
responsively  inhibited  5-HETE-induced,  NT-induced  and 
EGF-induced  DNA  synthesis. 

4.  Discussion 

The  results  of  this  study  indicate  that  the  ability  of  NT  and 
EGF  to  stimulate  PC3  cell  growth  via  the  MAPK/PI3K 
pathways  requires  AA  release  and  the  activity  of  5-LOX. 
Consistent  with  this,  NT  and  EGF  (at  concentrations  known  to 
activate  MAPK/PI3K  and  stimulate  DNA  synthesis)  were 
found  to  induce  AA  release  and  5-HETE  formation.  The 
amount  of  5-HETE  formed  was  in  the  range  needed  to  mimic 
the  growth  effects  of  these  peptides,  and  the  effects  of  5-HETE 
were  non-additive  with  those  of  NT  and  EGF.  Furthermore, 
inhibitors  of  PLA2  and  DAG-lipase  (shown  to  block  NT- 
induced  and  EGF-induced  AA  release),  as  well  as  a  battery  of 
5-LOX  inhibitors,  diminished  the  growth  effects  of  NT  and 
EGF.  In  a  reciprocal  manner,  the  ability  of  NT  and  EGF  to 
stimulate  AA  release  was  found  to  depend  on  the  activity  of  the 
MAPK  pathway.  Thus,  our  results  suggest  that  NT  and  EGF 
initiate  a  feed- forward  cycle  involving  the  5-LOX  and  MAPK 
pathways,  which  stimulate  PC3  cell  growth  in  a  cooperative 
manner  (Fig.  10). 


In  order  to  address  the  hypothesis  that  the  growth-enhancing 
effects  of  NT  and  EGF  involve  the  release  of  AA  and  its 
subsequent  metabolism,  we  employed  a  number  of  approaches. 
Initially,  we  demonstrated  that  the  release  of  [3H]-AA 
incorporated  into  cellular  membranes  was  enhanced  by  doses 
of  NT  and  EGF  that  stimulated  PC3  cell  growth.  Since  the 
release  of  AA  often  involves  activation  of  PLA2  [46,51],  we 
assessed  the  effects  of  PLA2  inhibitors  (quinacrine  and 
AACOCF3)  on  AA  release,  MAPK  activation  and  DNA 
synthesis  in  response  to  NT  or  EGF.  Quinacrine  inhibited  each 
of  these  responses.  AACOCF3  inhibited  AA  release  and  DNA 
synthesis  but  it  interfered  in  the  MAPK  assay,  precluding  an 
assessment  of  its  effects.  Since  DAG  lipase  can  also  promote 
AA  release  in  some  systems  [43],  we  tested  the  effects  of  DAG 
lipase  inhibitor  RHC-80267.  Our  finding  that  RHC-80267 
selectively  attenuated  the  effects  of  NT  without  altering  the 
responses  to  EGF  is  consistent  with  the  fact  that  NT  can 
activate  PLC,  presumably  releasing  the  substrate  DAG  [48]. 
Thus,  NT  appears  to  promote  AA  release  via  effects  on  PLA2 
and  DAG  lipase,  whereas  the  primary  effect  of  EGF  is  on 
PLA2.  These  results  are  in  keeping  with  the  known  sensitivity 
of  cPLA2  activity  to  elevations  in  [Ca2+]  and  to  phosphory¬ 
lation  by  ERK  and  PKC  [52,53].  Recent  work  has  also  linked 
Ca2+  entry  through  store-operated  Ca2+  channels  directly  to 
stimulation  of  AA  release  [32].  Overall,  these  results  suggest 
that  AA  release  in  response  to  NT  and  EGF  participates  in  the 
activation  of  MAPK  and  the  stimulation  of  DNA  synthesis  by 
these  peptides. 

Released  AA  can  be  metabolized  by  LOX  and  COX  to  yield  a 
host  of  biologically  active  eicosanoids  including  HETEs, 
leukotrienes,  prostaglandins  and  others  [54].  In  order  to 
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Fig.  10.  Diagram  of  NT- induced  and  EGF-induced  growth  signaling  in  PC3  cells.  NT  stimulates  PLC-mediated  increases  in  cellular  levels  of  Ca2+  and  DAG.  This 
leads  (via  path  1)  to  activation  of  PKC,  EGFR  and  the  ERK/AKT  pathways,  and  (via  path  2)  to  the  activation  of  PLA2  and  DAG  lipase,  enhancing  LOX-mediated 
conversion  of  AA  to  5-HETE.  These  changes  set  up  a  feed-forward  loop  since  5-HETE  further  activates  PKC  (path  3),  and  the  ERK/AKT  pathways  further  activate 
PLA2  (path  4).  Thus,  the  5-LOX  pathway  cooperatively  interacts  with  the  ERK/AKT  pathways  to  produce  growth  enhancement  in  response  to  NT  and  EGF. 
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investigate  the  roles  of  these  enzymes  in  NT-induced  and  EGF- 
induced  growth,  we  examined  the  ability  of  specific  enzyme 
inhibitors  to  alter  responses  to  NT  and  EGF.  Whereas  COX 
inhibitor  indomethacin  was  without  effect,  six  structurally  and 
mechanistically  diverse  LOX  inhibitors  diminished  the  effects  of 
NT  and  EGF  on  AA  release,  MAPK  activation  and  DNA 
synthesis.  Since  some  of  the  LOX  blockers  used  here  (NDGA, 
ETYA,  Rev5901,  AA861,  baicalein)  are  antioxidants  that  inhibit 
LOX  activity  by  reducing  Fe+3  to  Fe+2  [55],  they  could 
conceivably  act  on  other  targets  as  reducing  agents.  However, 
MK886,  which  is  thought  to  act  by  binding  to  the  5-LOX 
activating  protein  FLAP  (25),  produced  similar  effects  in  our 
hands.  Furthermore,  the  doses  of  the  various  agents  shown  here 
to  effectively  diminish  the  growth  effects  of  NT  and  EGF  were  in 
the  range  of  those  shown  by  others  to  inhibit  5-LOX  in  blood 
cells  [11,56]:  MK886  (0.1-1  pM),  NDGA  (0.3-2  pM),  AA861 
(0.1-2  pM)  and  ETYA  (6-50  pM).  Based  on  our  results,  it 
seems  likely  that  inhibition  of  5-LOX  activity  underlies  the 
ability  of  these  agents  to  disrupt  the  growth  effects  of  NT  and 
EGF. 

Ghosh  and  Myers  were  the  first  to  demonstrate  the 
importance  of  5-LOX  in  prostate  cancer  cell  growth  [4]  and 
to  assess  (using  radioimmunoassay)  the  ability  of  PC3  cells  to 
generate  5-HETE  from  AA  [8].  The  present  study  is  the  first  to 
employ  HPLC  to  measure  the  production  of  5-HETE,  12- 
HETE  and  1 5-HETE  by  PC3  cells  in  response  to  NT  and  EGF. 
In  general,  our  results  confirm  their  conclusions  and  extend 
them  by  defining  a  scheme  for  regulation  by  growth  factors 
(Fig.  10).  One  important  advance  is  that  we  have  succeeded  in 
showing  that  the  levels  of  5-HETE  produced  by  PC3  cells  in 
the  absence  and  presence  of  NT  and  EGF  (basal,  =70  nM; 
stimulated,  =100  nM)  he  on  the  dose-response  curve  for  the 
enhancement  of  DNA  synthesis  by  5-HETE.  Another  advance 
is  that  we  have  correlated  PC3  cell  growth  to  the  expression  of 
cPLA2  and  5-LOX,  and  to  the  production  of  5-HETE.  Thus, 
exposure  of  PC3  cells  to  NT  and  EGF  not  only  induced  the 
expression  of  these  enzymes  and  elevated  the  levels  of  5-HETE 
but  also  stimulated  DNA  synthesis  to  an  extent  that  corre¬ 
sponded  to  the  5-HETE  level. 

Other  workers  have  also  shown  that  5-HETE  activates  ERK 
and  AKT  in  PC3  cells,  stimulates  cell  growth  and  reverses  the 
growth-arrested  state  induced  by  LOX  inhibitors  MK886  and 
AA861  [16].  Finding  that  pertussis  toxin  inhibits  some  of  the 
growth  effects  of  5-HETE,  this  group  proposed  that  PC3  cells 
express  a  novel  G  protein-coupled  receptor  that  mediates  the 
actions  of  5-HETE.  Thus,  in  our  model  (Fig.  10),  it  is  possible 
that  a  cell-surface  receptor  for  5-HETE  is  interposed  between 
5-HETE  and  the  activation  of  PKC.  However,  arguing  for  a 
direct  mechanism  is  the  fact  that  12(S)-HETE  has  been  shown 
to  directly  activate  PKCe  [57].  A  third  possibility  is  that  HETE 
becomes  esterified  to  membrane  phospholipids  and  facilitates 
the  translocation  of  PKC  to  membranes.  Evidence  supporting 
such  a  mechanism  has  been  gathered  using  human  tracheal 
epithelial  cells  [58]  and  human  comeal  epithelial  cells  [59]. 

Another  feed-forward  growth  regulating  system  involving 
eicosanoids  has  recently  been  described  in  PC3  cells  [5]. 
Exogenous  AA  was  shown  to  upregulate  cPLA2  and  COX-2 


expression  and  to  stimulate  a  growth  response  that  correlated  to 
the  production  of  PGE2.  Suggesting  that  this  pathway  is 
positively  regulated  by  downstream  PGE2  was  the  finding  that 
COX  inhibitor  fluriprofen  diminished  all  of  the  effects  of  AA. 
Although  we  did  not  measure  PGE2  levels  in  our  experiments, 
the  effects  of  NT  and  EGF  on  ERK/ AKT  phosporylation  and 
DNA  synthesis  were  not  diminished  by  COX  inhibitor 
indomethacin.  Furthermore,  we  were  unable  to  stimulate 
DNA  synthesis  by  exposing  PC3  cells  to  PGE2  over  a  broad 
concentration  range  (0.01-10  pM)  for  24  h.  Thus,  it  appears 
that  COX  activity  is  not  required  and  PGE2  is  not  actively 
involved  in  the  growth  effects  of  NT  and  EGF  under  the 
conditions  of  our  experiments. 

Cross-talk  amongst  signaling  pathways  is  an  important 
mechanism  by  which  cells  integrate  environmental  stimuli 
[60].  NT  and  EGF  are  potential  regulators  of  cellular  growth 
and  over-expression  of  their  receptors  in  cancer  is  thought  to 
contribute  to  the  malignant  state  [61-63].  In  a  prior  study  [28], 
we  found  that  NT  stimulates  PC3  cells  to  release  HB-EGF,  which 
presumably  transactivates  EGFR  and  leads  to  MAPK  activation 
and  cell  proliferation.  Since  EGF  is  known  to  induce  A  A  release 
in  a  number  of  cell  systems  [38,64,65],  we  focused  attention  in 
the  present  study  on  AA  metabolism.  In  general,  NT  and  EGF 
produced  similar  effects  that  were  equally  sensitive  to  inhibitors 
of  EGFR  tyro  sine -kinase,  5-LOX  and  PKC,  suggesting  that  the 
effects  of  NT  on  5-HETE  formation,  MAP  kinase  activation  and 
DNA  synthesis  are  closely  tied  to  the  activation  of  EGFR. 

In  conclusion,  our  findings  suggest  that  NT  activates  the 
MAPK/PI3K  pathways  and  stimulates  DNA  synthesis  by  way 
of  PKC  and  EGFR  (Fig.  10);  however,  operation  of  this 
signaling  mechanism  requires  5-LOX  activity.  This  regulation 
may  involve  an  effect  of  5-HETE  on  PKC  activity,  which  is 
known  to  facilitate  MEK  activation.  Our  results  suggest  that 
NT  enhances  5-LOX  activity  by  a) — Ca2+-mediated  activation 
of  cPLA2  and  DAG-lipase;  b) — MAPK-dependent  activation 
of  cPLA2;  and  c) — upregulation  of  cPLA2  and  5-LOX 
expression.  Since  enzymes  in  the  MAPK/PI3K  pathways  can 
activate  cPLA2,  liberating  AA  and  enhancing  5-LOX  activity, 
this  appears  to  be  a  feed-forward  system. 
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Abstract 

Neurotensin  (NT)  elevates  leukotriene  levels  in  animals  and  stimulates  5-HETE  formation  in  prostate  cancer  PC3  cells.  PC3  cell 
growth  is  stimulated  by  NT  and  inhibited  by  lipoxygenase  (LOX)  blockers.  This  led  us  to  test  LOX  blockers  (NDGA,  MK886, 
ETYA,  Rev5901,  AA861  and  others)  for  effects  on  NT  binding  and  signaling.  LOX  blockers  dramatically  enhanced  125I-neurotensin 
binding  to  NT  receptor  NTR1  in  PC3  cells,  whereas  they  inhibited  NT-induced  inositol  phosphate  formation.  These  effects  were 
indirect  (binding  to  isolated  membranes  was  unaffected),  receptor-specific  (binding  to  ^-adrenergic,  Yla- vasopressin,  EGF  and 
bombesin  receptor  was  unaffected)  and  pathway-specific  (cyclooxygenase  inhibitors  were  inactive).  NT  receptor  affinity  was 
increased  but  receptor  number  and  %  internalization  were  unchanged.  Also  supporting  the  involvement  of  arachidonic  acid 
metabolism  in  NTR1  regulation  was  the  finding  that  inhibitors  of  PLA2  and  DAG  lipase  enhanced  NT  binding.  These  findings 
suggest  that  NTR1  is  regulated  by  specific  feedback  mechanism(s)  involving  lipid  peroxidation  and/or  LOX-dependent  processes. 
©  2005  Published  by  Elsevier  Ltd. 


1.  Introduction 

Neurotensin  (NT),  a  regulatory  peptide  found  in 
brain,  intestine  and  peripheral  nerves  [1],  stimulates 
growth  of  prostate  cancer  cells,  including  the  human 
PC3  cell  line  that  expresses  the  high  affinity,  G  protein- 
coupled  NT  receptor  NTR1  [2].  Because  NTR1  is  often 
coupled  to  Gq/ll,  NT  typically  stimulates  phosphatidy- 
linositol-specific  phospholipase  C  (PLC)-mediated  in¬ 
ositol  phosphate  (IP)  formation  [3]  and  the  release  of 
intracellular  Ca2+  [4].  One  pathway  that  can  be 
activated  by  Ca2+  involves  the  release  of  arachidonic 
acid  (AA)  from  cellular  phospholipids  [5,6]  and  its 
conversion  to  bioactive  eicosanoids  [7].  The  fact  that  NT 
can  enhance  the  formation  of  leukotrienes,  presumably 
from  endogenous  AA,  in  some  systems  [8]  suggests  that 
NT  might  stimulate  A  A  metabolism  in  PC3  cells. 


*  Corresponding  author.  Tel.:  +  1  508  8562397;  fax: 
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Support  for  this  possibility  derives  from  the  finding 
that  NT  increases  the  release  of  3H-AA  from  PC3  cells 
and  its  conversion  into  HETE-like  products  [9]. 

Studies  with  prostate  cancer  specimens  and  cell  lines 
suggest  important  roles  for  AA  metabolites  in  regulating 
cancer  cell  growth  [10].  The  turnover  of  A  A  is  10-fold 
greater  in  malignant  than  in  benign  prostatic  tissue,  [11] 
suggesting  that  AA  metabolism  is  increased  in  malig¬ 
nancy  via  activation  of  the  lipoxygenase  (LOX)  and/or 
cyclooxygenase  (COX)  pathways.  Using  specific  inhibi¬ 
tors,  Anderson  [12]  concluded  that  LOX  pathways  are 
particularly  important  in  regulating  DNA  synthesis  in 
PC3  cells.  Ghosh  and  Myers  [13]  supported  this  idea, 
showing  that  the  5-LOX  product  5-HETE  promoted  cell 
growth.  Furthermore,  5-LOX  inhibitors  MK886  and 
AA-861  blocked  PC3  cell  growth  induced  by  AA,  and 
the  resulting  DNA  degradation  was  reversed  by  5- 
HETE  [14].  The  possibility  that  AA  metabolites  are 
involved  in  NT-induced  cell  growth  is  suggested  by  the 
following  observations:  (a)  PC3  cells  express  5-LOX  and 
12-LOX  [15];  (b)  NT  stimulates  PC3  cells  to  release  AA; 
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and  (c)  LOX  blockers,  but  not  COX  blockers,  inhibit 
NT-induced  PC3  cell  proliferation  [9]. 

In  an  effort  to  understand  the  mechanism(s)  involved 
in  NT-induced  responses,  we  performed  the  present 
study  investigating  the  effects  of  LOX-  and  COX- 
directed  agents  on  NT  binding  and  signaling  in  PC3 
cells.  Here  we  have  shown  that  LOX  blockers  but  not 
COX  blockers  greatly  enhanced  the  binding  of  NT  to  its 
cellular  receptor  NTR1,  while  they  inhibited  NT- 
induced  IP  formation.  This  phenomenon,  which  oc¬ 
curred  in  five  different  cancer  cell  lines,  appeared  to  be 
receptor-specific,  pathway-specific  and  to  involve  an 
indirect  effect  on  NTR1.  AA  metabolism  was  implicated 
in  this  regulation  by  the  fact  that  inhibitors  of  PLA2  and 
DAG  lipase  enhanced  NT  binding,  and  subsequent 
treatment  with  A  A  reversed  these  effects.  Since  our  prior 
work  has  shown  that  similar  effects  on  NTR1  function 
occur  in  response  to  specific  antioxidants  and  flavopro- 
tein  inhibitors  [16]  and  since  LOX  can  contribute  to  the 
cellular  generation  of  reactive  oxygen  species  (ROS), 
[17]  we  measured  the  effects  of  LOX  blockers  and  AA 
on  cellular  ROS  formation,  as  well  as  the  effects  of  ROS 
on  NT  binding.  Our  findings  are  compatible  with  the 
idea  that  LOX  products  (oxidized  lipids  or  other  ROS) 
or  LOX-dependent  processes  cause  feedback  effects  that 
influence  NTR1  function. 


2.  Materials  and  methods 

2.7.  Materials 

[125I]-sodium  iodide  (2000  Ci/mmol)  and  [1,2-3H(N)]- 
myo-inositol  (60  mCi/mmol)  were  obtained  from  Perkin 
Elmer  Life  Science  (Boston,  MA).  MK886,  LY171883, 
LY294002  and  SB203580  were  from  Calbiochem  (San 
Diego,  CA).  Rev-5901,  AA861,  retinoic  acid,  LY83583, 
SQ22536  were  from  Biomol  (Plymouth  Meeting,  PA). 
NT,  L-NMMA,  L-NAME,  NDGA,  ETYA,  DTT, 
gossypol  and  all  other  chemicals  were  from  Sigma  (St. 
Louis,  MO).  5(S)-HETE,  12(S)-HETE,  5(S)-HpETE, 
12(S)-HpETE,  15(S)-HpETE  and  AA  were  obtained 
from  Cayman  Chemical  (Ann  Arbor,  MI).  DCFH-DA 
was  from  Molecular  Probes  (Eugene,  OR).  SR48692 
was  provided  by  Sanofi-Synthelabo  (Toulouse,  France). 
[4-azido-Phe6]-NT  was  synthesized  by  us  as  described 
[3]. 

2.2.  Tissue  culture 

PC3,  PC3M,  DU145,  and  HT29  cells,  obtained  from 
American  Type  Culture  Collection  (Manassas,  VA), 
were  maintained  using  F12K  medium  (PC3,  PC3M)  and 
DMEM  medium  (DU145,  HT29),  supplemented  with 
10%  fetal  bovine  serum  [2].  PC3,  PC3M  (its  highly 
metastatic  clone),  and  DU  145  [18]  are  androgen- 


independent  cell-lines  derived  from  human  prostatic 
adenocarcinomas.  HT29  is  a  cell-line  obtained  from  a 
human  colon  cancer  [19].  LNCaPcs,  an  androgen- 
independent  clone  derived  from  human  prostate  cancer 
LNCaP  cells  by  multiple  passages  in  charcoal-stripped 
serum  [20],  was  a  generous  gift  from  Shuk-mei  Ho, 
Department  of  Environmental  Health,  University  of 
Cincinnati  Medical  School.  LNCaPcs  were  maintained 
in  phenol  red-free  RPMI  medium  as  described.  MatLy- 
Lu  cells,  an  androgen-independent  cell-line  derived  from 
a  rat  prostatic  adenocarcinoma  [21],  was  obtained  from 
Manny  Menon,  Urology  Institute,  Henry  Ford  Health 
System,  Detroit.  Cells  were  routinely  grown  to  85-95% 
confluence  in  24-well  culture  plates  to  study  cell  binding 
and  IP  formation,  in  10-cm  culture  dishes  to  perform 
receptor  crosslinking  studies,  and  in  600  ml  culture 
flasks  to  prepare  cell  membranes.  For  IP  studies,  cells 
were  labeled  with  3H-inositol  using  medium  199  (Difco) 
which  has  a  low  inositol  content. 

2.3.  Binding  to  cultured  cells 

HPLC-purified  monoiodinated  NT  (125I-NT)  at 
2000  Ci/mmol  was  prepared  and  binding  was  performed 
as  described  by  us  [3].  In  brief,  cells  in  24-well  plates 
were  washed  with  hepes-buffered  Locke-BSA  (Locke): 
148  mM  NaCl;  5.6  mM  KC1,  6.3  mM  hepes;  2.4  mM 
NaHC03;  1.0  mM  CaCl2;  0.8  mM  MgCl2;  5.6  mM 
glucose;  0.1%  BSA;  pH  7.4.  Stock  solutions  (10  mM) 
of  each  agent  in  dimethyl  sulfoxide  (DMSO)  were 
prepared  just  before  use  and  were  diluted  in  Locke  to 
give  ^1%  DMSO.  Equilibrium  binding  at  37  °C  was 
performed  for  30  min  using  105cpm/ml  125I-NT  in  1.0  ml 
Locke.  The  reaction  was  stopped  on  ice,  the  medium 
was  aspirated  and  the  cells  were  washed  three  times  in 
ice-cold  saline.  Total  cellular  binding  was  assessed  by 
measuring  radioactivity  (Packard  y-counter)  and  protein 
(Bio-Rad  assay)  in  cells  extracted  in  0.6  ml  0.2  M 
NaOH.  Specific  binding,  displaceable  by  1  pM  NT 
(20,000-fold  excess),  was  95%  of  total  binding.  Binding 
displacement  curves  were  constructed  and  binding 
parameters  were  determined  by  Scatchard  analysis  and 
by  using  the  Cheng-Prusoff  equation  {Ki  =  IC50/ 
1  +  [L]/Kd},  where  Kd  and  [L]  are  the  dissociation 
constant  and  the  ligand  concentration,  respectively.  Cell 
surface  binding  and  internalization  of  125I-NT  were 
assessed  by  washing  cells  at  room  temperature  for  2  min 
with  0.6ml  of  0.2  M  acetic  acid,  0.5  M  NaCl  [3]. 

The  assay  conditions  and  the  binding  parameters  for 
the  ligands  used  to  measure  receptor  binding  for 
bombesin,  vasopressin,  /?2-adrenergic  and  EGF  in  PC3 
cells  were  described  by  us  [3].  In  brief,  equilibrium 
binding  was  performed  in  a  manner  identical  to  that  for 
NT  using  HPLC-purified  125I-labeled  ligands 
(>  1000  Ci/mmol;  105cpm/ml)  incubated  with  PC3  cells 
in  24-well  plates  for  30  min  at  37  °C.  The  reaction  was 
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stopped  as  described  for  NT  and  specific  binding  was 
defined  as  that  displaceable  by  1  pM  unlabeled  ligand 
(20,000-fold  excess). 

2.4.  Binding  to  cell  membranes 

PC3  cell  membranes  were  prepared  [2]  and  the  assay 
was  carried  out  as  described  by  us  [17].  In  brief,  binding 
of  125I-NT  (105cpm)  to  membranes  (20-40  pg  total 
protein)  was  performed  at  room  temperature  for  60  min 
in  10  mM  Tris-HCl  (pH  7.5),  containing  ImM  MgCl2, 
ImM  dithiothreitol  (DTT),  0.1%  BSA  and  protease 
inhibitors.  Reactions  were  stopped  on  ice.  Membranes, 
collected  on  GF-B  glass  fiber  filters,  were  washed  with 
ice-cold  lOmM  Tris  buffer  using  a  Brandel  cell  harvest¬ 
er.  Filters  were  counted  using  the  y-counter.  Specific 
binding  was  calculated  as  that  displaceable  by  1  pM  NT 
(20,000-fold  excess). 

2.5.  Crosslinking  of  125I-[4-azido-Phe6]-NT  to  NTR1 

This  method  has  been  described  previously  by  us  [3]. 
Briefly,  [4-azido-Phe6]-NT  was  iodinated  and  purified 
by  HPLC.  PC3  cells  in  10-cm  dishes  were  incubated  with 
0.3  x  106cpm/ml  125I-[4-azido-Phe6]-NT  in  8  ml  Locke 
30  min  at  37°  C  in  the  presence  of  the  agents  indicate- 
d±  unlabeled  NT  (1  pM).  Cells  were  placed  on  ice, 
irradiated  at  254  nm  with  a  handheld  UV  light  for  5  min 
at  3cm,  washed  in  PBS  and  lysed  in  lOmM  Hepes  (pH 
7.4),  ImM  EDTA,  0.5 mM  o-phenanthroline,  0.5 mM 
PMSF,  0.5  mM  TPCK.  After  centrifugation,  mem¬ 
branes  were  solubilized  in  250  pi  50  mM  Tris  buffer 
(pH  7.4),  150mM  NaCl,  0.5%  Triton  X-100,  0.5%  NP- 
40,  5%  glycerol  at  4°C  for  2h.  Solubilized  NTR1, 
diluted  3-fold  in  buffer  without  detergent,  was  immu- 
noprecipitated  using  rabbit  antiserum  (Ab-NTRl) 
towards  the  C-terminus  of  human  NTR1  (1:100). 
During  western  blotting,  Ab-NTRl  detected  two  bands 
in  PC3  cell  extracts,  the  parent  50kDa  protein  and  a 
breakdown  product  of  33kDa  [3].  After  18  h  at  4°C, 
protein  A-agarose  (10  mg,  Sigma)  was  added  for  6h,  the 
agarose  was  washed  in  PBS  and  associated  radioactivity 
was  measured  using  the  y-counter.  The  vehicle  control 
(0.05%  DMSO)  typically  gave  =5000cpm  specifically 
bound  to  the  immunoprecipitated  NTR1.  The  results  for 
each  agent  were  expressed  as  %  control. 

2.6.  IP  formation 

Formation  of  [3H]-IP  was  measured  as  described 
previously  by  us  [3].  Briefly,  PC3  cells  in  24-well  plates 
were  incubated  48  h  with  myo-[3H]-inositol  (2.5  pCi/ml) 
in  medium  199,  5%  fetal  calf  serum.  After  washing  in 
Locke,  cells  were  preincubated  at  37  °C  with  test  agents 
or  vehicle  control  (DMSO)  in  Locke,  15  mM  LiCl.  After 
10  min,  reactions  were  started  by  adding  NT  or  vehicle 


(Locke).  After  30  min,  medium  was  aspirated,  ice-cold 
0.1  M  formic  acid  in  methanol  (1ml)  was  added  and 
plates  were  placed  at  —20  °C  overnight.  IP  was  adsorbed 
to  AG-1  x  8  (formate  form,  Bio-Rad),  which  was 
washed  five  times  in  5mM  myo-inositol  and  eluted  in 
1.5  M  ammonium  formate,  0.1  M  formic  acid.  Scintilla¬ 
tion  counting  was  performed  in  Ecoscint  (National 
Diagnostics). 

2. 7.  Assay  of  ROS  formation 

Intracellular  ROS  formation  was  measured  by  fluor¬ 
escence  [22]  using  2/,7/-dichlorodihydrofluorescein  dia¬ 
cetate  (DCFH-DA),  a  dye  that  permeates  cells  where  it 
is  trapped  as  the  de-esterified  free  acid,  which  can  then 
react  with  ROS  to  form  fluorescent  2/,7/-dichlorofluor- 
escein  (DCF).  PC3  cells  grown  to  80%  confluence  in  24- 
well  plates  were  washed  in  Locke,  loaded  with  10  pM 
DCFH-DA  for  30  min,  and  then  incubated  with  the 
indicated  reagents  for  20  min  at  37°  C.  Reactions  were 
stopped  by  aspiration  and  cells  were  trypsinized, 
collected  on  ice,  and  analyzed  on  a  FACSCalibur™ 
(Becton  Dickinson  Biosciences,  San  Jose,  CA)  at  the 
UMMS  Flow  Cytometry  Core  Facility  using  Cell  Quest 
and  TM  software.  Fluorescence  intensity  was  measured 
for  10,000  cells  in  each  sample  with  excitation  (485  nm) 
and  emission  (530  nm).  Spontaneous  fluorescence  of 
cells  was  <1%  that  of  DCFH-DA  treated  cells.  Results 
were  obtained  as  histogram  plots  of  cell  number  versus 
fluorescence  intensity,  and  the  mean  fluorescence  for 
each  sample  within  an  experiment  was  expressed  as  % 
control.  The  results  of  testing  each  agent  in  multiple 
experiments  were  then  summarized  as  mean  +  SEM. 

2.8.  Statistics 

Data  were  calculated  as  mean  +  SEM  for  n  indepen¬ 
dent  observations.  Statistically  significant  differences 
were  assessed  using  the  Student’s  Mest  for  single 
comparisons  and  using  ANOVA  (Graph  Pad  Software, 
San  Diego,  CA)  with  the  Tukey-Kramer  test  for 
multiple  comparisons.  Statistical  significance  was  de¬ 
fined  As  P<0.05. 


3.  Results 

3.1.  LOX  blockers  enhanced  NT  binding 

Specific  binding  of  125I-NT  (105cpm/ml)  to  PC3  cells, 
measured  at  equilibrium,  was  =  16.8  +  0.81  cpm/pg 
protein  (n  =  12),  which  corresponded  to  ^3000cpm/ 
well.  NDGA,  a  broad  specificity  LOX  inhibitor,  dose- 
dependently  increased  the  apparent  rate  of  and  the 
steady  state  level  of  NT  binding  to  PC3  cells  (Fig.  1  A). 
Specific  binding  was  enhanced  as  much  as  3-fold, 
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Fig.  1.  LOX  blockers  increased  the  rate  of  (A)  and  the  level  of  (B,  C) 
specific  NT  binding  to  PC3  cells.  (A)  Cells  were  incubated  with  indicated 
concentrations  of  NDGA  or  vehicle  at  37  °C.  After  10  min,  125I-NT 
(105cpm;  50  pM)  was  added.  Incubation  continued  for  times  indicated 
and  specific  binding  was  measured.  Non-specific  binding  was  <5%  of 
total  binding  in  all  cases  (data  not  shown).  The  data  (mean  +  SEM)  were 
from  a  typical  experiment  that  was  repeated.  (B  and  C)  Log 
dose-response  plots  for  effects  of  LOX  blockers  on  specific  NT  binding. 
Cells  were  pretreated  10  min  with  agents  indicated,  125I-NT  (105cpm; 
50  pM)  was  added  and  specific  NT  binding  was  measured  at  equilibrium 
(30 min).  The  minimum  dose  that  significantly  (E<0.05)  increased 
specific  NT  binding  above  control  was  2  pM  (Rev-5901,  retinoic  acid), 
3  pM  (AA861,  NDGA,  CGS21680),  4pM  (MK886),  5pM  (ETYA), 
7  pM  (gossypol,  LY  171883),  10  pM  (CAPE),  20  pM  (baicalein).  The  data 
(mean  +  SEM)  were  pooled  from  at  least  4  experiments. 


without  a  change  in  non-specific  binding  (data  not 
shown). 

Similar  effects  were  displayed  by  eleven  structurally 
diverse  LOX  blockers  known  to  act  by  a  number  of 
different  mechanisms.  These  included  five  non-selective 
LOX  inhibitors  (NDGA,  ETYA,  CAPE,  gossypol, 
retinoic  acid),  two  5-LOX  inhibitors  (AA-861,  Rev- 
5901),  one  12-LOX  inhibitor  (baicalein),  one  FLAP 
inhibitor  (MK886),  one  indirect  LOX  inhibitor  (CGS- 
21680)  and  one  LTD4  receptor  antagonist  (LY171883). 
NT  binding  was  increased  dose-dependently  up  to  3.2- 
fold  by  NDGA,  3.0-fold  by  MK886,  2.8-fold  by  CAPE, 
2.7-fold  by  retinoic  acid,  2.6-fold  by  LY171883,  2.6-fold 
by  gossypol,  2.4-fold  by  Rev-5901,  2.3-fold  by  AA861, 
2.2-fold  by  ETYA,  2.2-fold  by  CGS-21680  and  1.8-fold 
by  baicalein  (Figs.  IB  and  1C).  Comparing  the 
magnitude  of  the  responses  to  these  agents  suggested 
that  the  primary  effect  on  NT  binding  was  likely  to 
involve  5-LOX;  however,  contributions  by  12-LOX  and / 
or  1 5-LOX  were  also  possible. 

3.2.  LOX  blockers  inhibited  NT-induced  IP  formation 

Although  LOX-directed  agents  enhanced  NT  receptor 
binding,  they  reduced  the  ability  of  NT  to  stimulate 
PLC.  NT  increased  IP  formation  in  PC3  cells  =  4-fold, 
giving  an  EC50  =  1  nM  (Fig.  2A)  in  agreement  with  the 
Kd  measured  for  NTR1  [3].  LOX  pathway  blockers 
dose-responsively  inhibited  NT-induced  IP  formation 
(Fig.  2B).  The  efficacy  of  NT  was  reduced,  not  its 
potency  (Fig.  2A),  suggesting  that  LOX-directed  agents 
shifted  NTR1  to  a  non-functional  state. 

For  each  agent  (Table  1),  the  IC50  value  for  inhibiting 
NT-induced  IP  formation  was  related  to  the  EC50  value 
for  enhancing  NT  binding,  and  there  was  a  strong 
statistical  correlation  (Fig.  2C).  This  indicated  that  these 
two  assays  displayed  similar  chemical  sensitivities  to  the 
tested  agents  or  that  the  enhanced  binding  led  to  the 
inhibition  of  IP  formation  or  visa  versa. 

3.3.  LOX  blockers  enhanced  labeling  of  NTR1 

When  125I-(4-azido-Phe6)-NT  (2.4xl06cpm)  was 
bound  and  crosslinked  to  PC3  cells  in  10-cm  dishes 
under  control  conditions,  and  NTR1  in  the  solubilized 
membrane  fraction  was  immunoprecipitated, 
4674  +  357  cpm  (mean  +  SEM;  n  =  3)  was  specifically 
associated  with  NTR1.  The  radioactivity  specifically 
associated  with  NTR1  was  enhanced  by  2.6  + 0.3-fold 
and  2.7  + 0.3-fold  (mean  +  SEM;  n  =  3)  when  the 
incubation  was  performed  in  the  presence  of  50  pM 
NDGA  and  50  pM  MK886,  respectively.  For  both 
NDGA  and  MK886,  the  fold  increase  in  NTR1 -labeling 
was  similar  to  the  increase  in  NT  binding  observed  at 
the  dose  used  (Fig.  IB).  These  results  show  that  LOX 
blockers  increased  the  association  of  125I-labeled  NT 
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Fig.  2.  NT-induced  IP  formation  was  inhibited  by  LOX  blockers.  (A)  Log 
dose-response  plots  for  the  effect  of  NT  in  the  presence  and  absence  of 
LOX  blockers.  NT  increased  IP  formation  =  5-fold,  with  EC50  ^  1.0  nM. 
The  efficacy  of  NT,  but  not  its  potency,  was  reduced  by  LOX  blockers. 
The  data  (mean  +  SEM)  were  from  a  typical  experiment  that  was  repeated. 

(B)  Log  dose-response  plots  showing  that  IP  formation  in  response  to  a 
maximal  dose  of  NT  (30  nM)  was  inhibited  by  LOX  blockers.  The 
minimum  dose  that  significantly  (P<0.05)  decreased  the  response  to  NT 
was  4  pM  (NDGA,  MK886,  AA861),  7  pM  (Rev5901),  8  pM  (CAPE)  and 
20  pM  (ETYA).  The  data  (mean  +  SEM)  were  pooled  from  3  experiments. 

(C)  Plot  showing  that  the  ability  of  LOX  blockers  to  inhibit  NT-induced 
IP  formation  (IC50)  correlated  to  the  ability  to  enhance  NT  binding 
(EC50).  The  values  shown  in  the  plot  were  determined  from  studies  such  as 
those  in  Figs.  IB,  C  and  2B,  and  are  presented  in  Table  1  for  the  agents 
used.  The  plot  yielded  a  correlation  coefficient  r 2  =  0.94. 


ligands  with  NTR1,  the  primary  NT  receptor  in  PC3 
cells. 

3.4.  LOX  blockers  did  not  act  directly  on  NTR1 

Binding  of  125I-NT  to  isolated  PC3  cell  membranes  in 
vitro  was  not  dramatically  increased  by  NDGA, 
MK886,  Rev-5901,  AA861  and  retinoic  acid  (Table  2), 
suggesting  that  that  LOX-directed  agents  did  not  act 
directly  on  NTR1.  The  relatively  small  increases  seen  for 
75  pM  NDGA  (32%)  and  for  75  pM  retinoic  acid  (42%) 
might  be  attributed  to  non-specific  effects  on  sulfhydryl 
groups  required  for  NT  binding  [23].  Although  a  key 
participant  in  the  reaction  could  have  been  lost  during 
membrane  isolation,  it  seemed  more  likely  that  there 
was  a  requirement  for  cellular  metabolism  or  architec¬ 
ture.  Thus,  the  increase  in  NT  binding  in  intact  cells 
most  likely  reflected  an  indirect  effect  involving  LOX 
and/or  other  systems  sensitive  to  these  agents. 

3.5.  Receptor  specificity 

To  determine  if  these  effects  were  specific  to  NTR1, 
we  tested  LOX  blockers  for  effects  on  PC3  cell  binding 
of  ligands  for  other  receptors  using  assays  validated  by 
us  [3].  Table  3  shows  that  NDGA,  MK886,  AA861  and 
Rev- 5901  did  not  have  dramatic  effects  on  ligand 
binding  to  bombesin,  Vla-vasopressin,  /?2-adrenergic 
and  EGF  receptors.  There  was  only  a  small  increase 
(19-35%)  in  bombesin  receptor  binding  (all  agents)  and 
a  65%  increase  in  EGF  binding  (only  MK-886).  Some  of 
these  agents  are  structurally  similar  to  epinephrine, 
which  may  explain  the  small  decrease  in  /?2-adrenergic 
receptor  binding.  These  results  show  that  the  robust 
elevation  in  cell  binding  caused  by  LOX  blockers  was 
specific  to  NTR1  but  smaller  elevations  also  occurred 
for  bombesin  and  EGF  receptors. 

3. 6.  Cell  specificity 

To  determine  if  the  effects  of  LOX  blockers  were 
specific  to  PC3  cells,  we  assessed  the  effect  of  NDGA  on 
NT  binding  in  a  number  of  other  cancer  cell  lines, 
including  prostate  carcinomas  (PC3M,  DU  145, 
LNCaPcs,  MatLyLu)  and  a  colon  carcinoma  (HT29). 
NT  receptor  expression,  determined  as  specific  cpm 
bound/pg  protein  (mean;  n  =  3  experiments),  varied 
according  to  the  cell  line:  PC3  (19cpm/pg);  HT29 
(8cpm/pg);  MatLyLu  (6cpm/pg);  PC3M  (4cpm/pg); 
LNCaPcs  (3cpm/pg);  and  DU145  (2cpm/pg).  For  each 
cell  line,  NDGA  elevated  specific  NT  binding  without 
an  effect  on  non-specific  binding.  As  compared  to  the 
vehicle  control  (0.04%  DM  SO),  specific  binding  in  the 
presence  of  40  pM  NDGA  was  (mean  ±  SEM;  n  =  3 
experiments):  PC3  (240  +  19%);  HT29  (201  +  10%); 
MatLyLu  (226+16%);  PC3M  (276+12%);  LNCaPcs 
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Table  1 

Activity  of  LOX  blockers  on  NT  Binding  and  NT-induced  IP  formation 


Inhibitor  type 

Agent 

NT  bindinga 

IP  formation15 

5-LOX  activity0 

Efficacy  (%  increase) 

EC50  (pM) 

IC50  (pM) 

IC50  (pM) 

Non-selective  LOX  inhibitor 

NDGA 

230 

16 

7 

0.3-2 

ETYA 

100 

50 

32 

6-50 

CAPE 

220 

34 

18 

Retinoic  acid 

180 

20 

7 

Gossypol 

170 

32 

20 

5-LOX  inhibitor 

Rev5901 

160 

19 

8 

10 

AA861 

155 

19 

7 

0.1-2 

FLAP  inhibitor 

MK886 

210 

18 

8 

0.1-1 

12-LOX  inhibitor 

Baicalein 

75 

>100 

>100 

Blocker  of  leukotriene  formation 

CGS21680 

228 

22 

nd 

0.01-1 

LTD4  receptor  antagonist 

LY171883 

157 

34 

nd 

aThe  ability  of  each  agent  to  enhance  NT  binding  was  tested  in  PC3  cells.  The  maximal  increase  observed  was  ^200%.  Therefore,  EC50  was 
defined  as  the  [agent]  that  increased  NT  binding  by  100%.  Data  are  from  3  or  more  experiments. 

bThe  ability  of  each  agent  to  inhibit  IP  formation  in  response  to  a  maximal  dose  of  NT  (30  nM)  was  tested  in  PC3  cells.  The  maximal  inhibition 
observed  was  ^80%.  Therefore,  IC50  was  defined  as  [agent]  that  decreased  IP  formation  by  40%.  Data  are  from  at  least  3  experiments. 

cIC50  is  given  as  the  range  of  reported  values  for  inhibition  of  5-LOX  activity  measured  in  various  blood  cell  systems  ([7,51-53],  and  references 
therein). 


Table  2 

Effects  of  LOX  blockers  on  NT-binding  to  PC3  cell  membranes 


Agent  Specific  NT-binding  (%  control)  at  dose  of  agenta 


10  pM 

25  pM 

75  pM 

NDGA 

110  +  5 

121+8 

132+10* 

MK886 

99  +  3 

107  +  4 

97  +  4 

Rev-5901 

101+4 

113  +  5 

110  +  5 

AA-861 

107  +  4 

109  +  4 

110  +  5 

Retinoic  acid 

102  +  3 

115  +  4* 

142  +  8** 

aPC3  cell  membranes  were  preincubated  for  10  min  with  agents  or 
control,  and  NT  binding  was  performed  at  room  temperature  for 
60  min.  Specific  binding  was  measured  in  4  experiments  and  expressed 
as  %  control  (mean  +  SEM). 

*  Result  was  significantly  different  from  control  (P<0.05). 

** Result  was  significantly  different  from  control  (P<0.01). 


(193  +  10%);  and  DU145  (200  +  18%).  These  results 
indicate  that  the  NDGA-induced  increase  in  NT  binding 
was  shown  in  a  number  of  cancer  cell  lines  and  was  of 
similar  magnitude. 

3. 7.  Specificity  for  LOX  pathway 

NT  binding  was  not  dramatically  altered  by  inhibitors 
of  COX  (indomethacin,  phenbutazone),  nitric  oxide 
synthase  (L-NAME,  L-NMMA),  guanylyl  cyclase 
(LY83583),  adenylyl  cyclase  (SQ22536),  MAP-kinase 
(PD98059)  and  PI3-kinase  (LY294002)  at  concentra¬ 


tions  that  inhibit  these  enzymes  (Table  4).  NT  binding 
was  also  not  much  affected  by  general  reducing  agents 
(e.g.,  sodium  borohydride,  DTT)  and  antioxidants  (e.g., 
trolox,  ascorbic  acid,  riboflavin),  results  reported  pre¬ 
viously  [16].  Thus,  the  robust  increase  in  NT  binding  to 
PC3  cells  appeared  to  be  specific  to  the  LOX  pathway 
and  was  not  due  to  a  non-specific  change  in  cellular 
redox  state. 


3.8.  Cell-surface  binding  versus  internalization 

Acid  washing  of  PC3  cells  after  the  binding  reaction 
indicated  that  73  +  2%  of  the  bound  125I-NT  was 
internalized  (mean  +  SEM;  n  =  8).  The  surface-bound 
125I-NT  and  the  internalized  125I-NT  were  both  dose- 
dependently  enhanced  by  NDGA  (Fig.  3A)  and  MK886 
(Fig.  3B).  Internalization,  as  percentage  of  total  binding, 
was  unchanged  by  these  agents  (range:  68-73%;  values 
given  in  Fig.  3  legend).  NDGA  and  MK886  also 
enhanced  125I-NT  binding  when  internalization  was 
fully  inhibited  by  10  pM  phenylarsine  oxide  (results  not 
shown).  The  internalization  rate  at  37  °C  for  cell-surface 
125I-NT,  previously  bound  to  cells  at  4°C,  was  also 
unaffected  by  50  pM  NDGA  [uptake  rate  (%/min): 
control,  9. 5  +  0. 8;  NDGA,  10.2  +  0.9;  n  =  %].  These 
results  indicate  that  LOX  blockers  increased  cellular 
NT  binding  by  enhancing  the  interaction  of  NT  with 
NTR1,  rather  than  by  enhancing  internalization  of  the 
NT-NTR1  complex. 
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Table  3 

Effects  of  LOX  blockers  on  PC3  cell  binding  of  ligands  specific  for 
bombesin-,  vasopressin-,  /?2-adrenergic-  and  EGF-receptors 


Ligand 

Agent 

Specific  binding  (%  control) 
at  dose  of  agent6 

12  pM 

60  pM 

125I-[Nle14]-bombesin 

a 

NDGA 

110  +  3 

127  +  4  ** 

MK886 

106  +  5 

125  +  7* 

AA-861 

112  +  4 

135  +  6  ** 

Rev-5901 

107  +  3 

119  +  3  ** 

125I-HOLVAb 

NDGA 

84  +  4** 

50  +  4  ** 

MK886 

93  +  5 

67  +  3  ** 

AA-861 

87  +  3* 

57  +  3  ** 

Rev-5901 

68  +  5  ** 

42  +  3  ** 

125I-Pindololc 

NDGA 

86  +  4* 

66  +  9  ** 

MK886 

105  +  3 

102  +  6 

AA-861 

107  +  5 

102  +  6 

Rev-5901 

97  +  2 

76  +  3  ** 

125I-EGFd 

NDGA 

114  +  4 

112  +  6 

MK886 

141  +  7** 

165  +  11** 

AA-861 

112  +  5 

100  +  3 

Rev-5901 

101  +  3 

92  +  5 

aThis  ligand  for  bombesin  receptor  gave  95%  specific  binding 
(Bmax  =  1016±64frnol/mg). 

bThis  ligand  for  Via-vasopressin  receptor  gave  77%  specific  binding 
(Bmax  =  156+  12fmol/mg).  None  of  these  agents  resembles  HOLVA 
structurally. 

cThis  ligand  for  /?2- adrenergic  receptor  gave  66%  specific  binding 
(Bmax  =  86  +  6  fmol/mg).  Since  NDGA  and  Rev-5901  resemble 
epinephrine  structurally,  the  decrease  in  binding  is  most  likely  due  to 
direct  competition  with  the  ligand  (%  crossreaction,  ^0.0005). 

dThis  ligand  for  EGF-receptor  gave  95%  specific  binding 
(Bmax  =  151  +  11  fmol/mg). 

Specific  binding  of  each  125I-ligand  (105cpm)  was  measured  to  PC3 
cells  using  conditions  identical  to  those  for  NT  binding:  24-well  plates 
with  1.0  ml  Locke  at  37  °C  for  30  min.  Binding  was  expressed  as  % 
control  (mean  +  SEM)  for  at  least  3  independent  experiments. 

*  Result  was  significantly  different  from  control  (P<0.05). 

**Result  was  significantly  different  from  control  (P<0.01). 


3.9.  NTR1  affinity  versus  NTR1  number 

LOX  blockers  enhanced  NT  binding  and  increased 
the  steepness  of  the  NT  displacement  curve.  When  NT 
displacement  data  were  expressed  as  %  maximal 
binding,  LOX  blockers  shifted  the  curves  to  the  left  by 
a  factor  of  ^3  (Figs.  4A  and  B).  The  average  Ki  for  NT 
was  decreased  from  1.0  +  0.09  nM  (control)  to 
0.28  ±0.03  nM  (50  pM  NDGA;  P<0.01)  and 
0.35  +  0.04 nM  (50pM  MK886;  P<0.01)  in  3  experi¬ 
ments  (Table  5).  Scatchard  analyses  indicated  that 
NDGA  and  MK886  increased  the  affinity  of  NTR1 
for  NT  without  changing  the  receptor  number  (Figs.  4C 
and  D;  Table  5). 

In  contrast  to  the  results  for  the  agonist  NT,  the 
binding  displacement  Ki  for  the  antagonist  SR48692 


was  not  shifted  significantly  by  NDGA  and  MK886 
(Table  5).  Overall,  these  results  indicate  that  LOX 
blockers  shifted  NTR1  to  a  state  with  an  increased 
affinity  for  agonist  NT  and  an  unchanged  affinity  for 
antagonist  SR48692.  The  fact  that  NT  can  stimulate 
LOX  activity  in  PC3  cells  [15]  suggested  that  LOX- 
dependent  processes  might  feedback  to  alter  NTR1 
function.  Thus,  we  hypothesized  that  a  constitutive 
LOX  activity  in  PC3  cells  maintained  NTR1  in  a  low 
affinity  state  and  that  this  process  was  disrupted  by 
LOX  blockers. 


3.10.  NT  binding  depended  on  availability  of  AA 

The  activity  of  LOX  pathways  is  often  dependent  on 
the  availability  of  AA  within  cells,  which  is  largely 
determined  by  its  liberation  from  membrane  precursors 
by  the  enzymes  PLA2  and  DAG  lipase  [24].  To  test  our 
idea  that  cellular  NT  binding  was  regulated  by  a 
constitutive  LOX  activity,  we  measured  NT  binding  in 
cells  treated  with  inhibitors  of  PLA2  and  DAG  lipase. 
The  results  in  Fig.  5A  show  that  the  PLA2  inhibitor 
quinacrine  and  the  DAG  lipase  inhibitor  RHC-80267 
dose-responsively  enhanced  NT  binding.  To  further  test 
this  idea,  an  add-back  experiment  was  performed  in 
which  the  ability  of  AA  to  reverse  the  effect  of 
RHC80267  was  examined.  The  results  in  Fig.  5B  show 
that  AA  had  no  effect  on  basal  NT  binding  but  it 
reversed  the  elevating  effect  of  RHC-80267  at  doses 
(IC50^2pM)  thought  to  be  physiologic  and  non-toxic 
[25].  These  results,  indicating  that  NT  binding  depended 
on  the  availability  of  AA  as  well  as  the  activity  of  LOX, 
suggested  that  LOX-dependent  AA  metabolism  was 
involved  in  the  regulation  of  NT  binding. 


3.11.  Identification  of  relevant  LOX  products 

In  an  attempt  to  identify  LOX  products  that  were 
involved  in  the  regulation  of  NT  binding,  we  performed 
an  add-back  experiment  in  which  the  ability  of  various 
LOX  products  to  reverse  the  effect  of  NDGA  was 
examined.  Since  AA  is  a  key  substrate  for  LOX  and  its 
availability  was  shown  to  be  important,  we  focused  on 
hydroxy-  and  hydroperoxy-derivatives  of  AA.  The 
results  in  Fig.  5C  show  that  exposure  of  cells  to  4  pM 
5(S)-HETE,  12(S)-HETE,  5(S)-HpETE,  12(S)-HpETE 
or  15(S)-HpETE  did  not  alter  basal  NT  binding  and  did 
not  reverse  the  effect  of  25  pM  NDGA,  a  less  than 
maximal  dose.  These  results  indicate  that  if  NDGA 
increased  NT  binding  by  inhibiting  LOX,  then  either  (a) 
more  than  4  pM  of  these  LOX  products  were  required  to 
reverse  the  effect;  or  (b)  some  condition  such  as  a 
general  oxidative  tone  was  needed  for  LOX  products  to 
be  effective;  or  (c)  other  LOX  products  were  involved. 
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Table  4 

Effects  of  Various  Enzyme  Inhibitors  on  NT  Binding  in  PC3  Cells 


Agenta 

Enzyme 

Specific  NT-binding  (%  control)  at  dose  of  agent1 

b 

6  pM 

20  pM 

60  pM 

200  pM 

Indomethacin 

Cyclooxygenase 

109  +  4 

95  +  6 

113  +  7 

Phenylbutazone 

Cyclooxygenase 

113  +  4 

100  +  4 

89  +  9 

L-NAME 

NO  synthase 

101  +  3 

103  +  4 

95  +  6 

L-NMMA 

NO  synthase 

103  +  5 

107  +  3 

105  +  7 

LY83583 

Guanylyl  cyclase 

106  +  4 

96  +  5 

95  +  6 

SQ22536 

Adenylyl  cyclase 

98  +  3 

108  +  4 

105  +  4 

PD98059 

MAPK-kinase 

113  +  7 

121+7* 

131+9* 

U0126 

MAPK-kinase 

118  +  6 

108  +  6 

120  +  9 

LY294002 

PI3-kinase 

115  +  9 

118  +  6* 

132  +  8* 

SB203580 

p38  MAP  kinase 

108  +  8 

116  +  7 

125  +  9 

aL-NAME  and  L-NMMA  were  dissolved  in  water  and  all  other  agents  were  in  DMSO  at  10  mM.  Agents  were  diluted  into  Locke  just  before  use. 
bPC3  cells  were  preincubated  with  agent  or  control  vehicle  for  10 min  prior  to  the  NT  binding  reaction.  NT  binding  was  performed  as  in  Fig.  IB 
using  125I-NT  (105cpm,  50  pM)  in  1.0  ml  Locke  at  37  °C  for  30  min.  Specific  NT  binding  was  calculated  as  %  control  (mean  +  SEM)  for  at  least  3 
independent  experiments. 

*  Result  was  significantly  different  from  control  (P<0.05). 


3.12.  LOX  blockers  inhibited  basal  ROS  production 

Since  LOX  can  contribute  to  the  formation  of  ROS  in 
some  systems  [26,27],  we  hypothesized  that  LOX 
blockers  might  affect  NT  binding  by  altering  cellular 
ROS  levels.  To  determine  the  effects  of  LOX  blockers 
on  ROS  formation,  we  loaded  PC3  cells  with  DCFH- 
DA  and  measured  its  oxidation  by  cellular  H202  to  the 
fluorescent  derivative  DCF  using  flow  cytometry.  As 
shown  in  Fig.  6A,  treatment  with  400  pM  H202  (the 
positive  control)  shifted  the  fluorescence  histogram  to 
the  right.  In  3  experiments,  the  mean  cellular  ROS  level 
was  increased  linearly  by  20-2000  pM  H202  (Fig.  6B). 
In  contrast,  treatment  of  cells  with  NDGA  dose- 
dependently  shifted  the  fluorescence  histogram  to  the 
left  (Fig.  6A),  indicating  that  cellular  ROS  formation 
was  inhibited.  Comparing  the  ability  of  various  LOX 
blockers  to  decrease  ROS  production  (Fig.  6C),  we 
found  that  the  order  of  efficacy  was  NDGA  >  CA¬ 
PE  =Rev5901  >  AA861  >MK886.  These  results  indicate 
that  LOX  blockers  either  inhibited  cellular  ROS 
formation  or  scavenged  ROS.  The  efficacy  order, 
however,  differed  from  that  shown  in  Table  1  for  the 
effect  on  NT  binding  (NDGA  >  MK886  >  - 
Rev5901  =  AA861  >CAPE). 

The  disparity  was  largely  due  to  the  low  efficacy  of 
MK886  as  an  inhibitor  of  ROS  formation.  Since 
MK886  not  only  blocks  LOX  activity  but  also  inhibits 
mitochondrial  activity  in  PC3  cells  [28]  and  since 
mitochondrial  inhibitors  generally  increase  ROS  forma¬ 
tion  [29],  we  tested  the  effect  of  mitochondrial  complex  I 
inhibitor  rotenone.  Treatment  of  PC3  cells  with 
rotenone  was  found  to  dose-responsively  increase  ROS 
formation  (Fig.  6D).  These  results  suggest  that  the 
ability  of  MK886  to  diminish  ROS  levels  via  inhibition 


of  LOX  may  have  been  blunted  by  an  opposing  effect  on 
mitochondrial  respiration.  In  total,  these  results  are 
consistent  with  the  idea  that  LOX  blockers  could 
conceivably  alter  NT  binding  by  inhibiting  LOX- 
dependent  ROS  formation. 

3.13.  LOX  blockers  inhibited  ROS  response  to  AA 

The  fact  that  LOX  blockers  diminished  basal  ROS 
levels  led  us  to  test  the  effect  of  adding  LOX  substrate 
AA  to  the  cells.  As  illustrated  in  Fig.  7A,  treatment  of 
PC3  cells  with  AA  dose-dependently  increased  cellular 
ROS  levels,  producing  significant  effects  at  doses  as  low 
as  2pM  (Fig.  7B).  To  determine  if  ROS  production  in 
response  to  AA  was  LOX-dependent,  we  tested  the 
ability  of  LOX  blockers  to  inhibit  AA-induced  ROS 
formation.  The  results  (Fig.  1C)  show  that  LOX 
blockers  inhibited  the  effect  of  10  pM  AA,  and  displayed 
an  order  of  efficacy  (NDGA  >  CAPE  >  Re- 
v5901>AA861  >MK886)  similar  to  that  for  inhibition 
of  basal  ROS  production  (Fig.  6C).  These  results 
suggest  that  basal  and  AA-induced  ROS  production  in 
PC3  cells  were  at  least  partly  LOX-dependent. 

3.14.  H202  reversed  the  effect  of  NDGA  on  NT  binding 

Hypothesizing  that  LOX  blockers  altered  NT  binding 
by  inhibiting  LOX-dependent  ROS  formation,  we  tested 
the  ability  of  H202  (which  we  assumed  might  generate 
LOX  products  or  mimic  their  actions)  to  reverse  the 
effect  of  NDGA.  The  elevation  in  NT  binding  caused  by 
25  pM  NDGA  was  dose-dependently  diminished  by 
subsequent  treatment  with  H202;  however,  there  was 
also  a  decrease  in  basal  NT  binding.  The  effects  of  H202 
might  reflect  (a)  an  ability  to  produce  or  mimic  LOX 
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Fig.  3.  NDGA  (A)  and  MK886  (B)  enhanced  cell-surface  binding  of 
125I-NT,  without  altering  the  percentage  of  125I-NT  internalized  by 
PC3  cells.  Cells  were  pretreated  10  min  with  indicated  concentrations 
of  NDGA,  MK886  or  vehicle  control.  After  NT  binding  was 
performed  at  37  °C  for  30  min,  the  amounts  of  125I-NT  bound 
specifically  to  the  cell  surface  and  internalized  were  determined  by 
acid  washing.  The  data  (mean  +  SEM)  were  pooled  from  3  experi¬ 
ments.  In  A,  internalization  as  a  percentage  of  total  binding  was 
(mean  +  SEM):  73  +  2,  71+2,  73  +  3  and  70  +  5  at  the  0,  6,  20  and 
60  pM  doses.  In  (B)  internalization  was  73  +  2,  71 +2,  70  +  2  and  68  +  4 
at  the  0,  6,  20  and  60  pM  doses. 


products;  (b)  an  ability  to  decrease  NT  binding  by  a 
process  unrelated  to  LOX;  or  (c)  an  ability  to  react  with 
and  inactivate  NDGA.  Nevertheless,  these  results  are 
compatible  with  the  idea  that  NTR1  is  held  in  a  low  NT 
binding  state  by  constitutive  ROS  production  via  the 
LOX  pathway,  and  that  LOX  blockers  elevate  NT 
binding  by  inhibiting  ROS  production. 


4.  Discussion 

Here,  we  report  for  the  first  time  that  LOX  blockers 
have  major  effects  on  NTR1  function  in  a  number  of 


prostate  and  colon  cancer  cell  lines.  These  studies  show 
that  a  wide  variety  of  LOX  blockers  can  enhance  NT 
binding  to  PC3  cells  while  they  inhibit  NT-induced  IP 
formation.  Since  our  earlier  work  indicates  that  NT  can 
activate  LOX  pathways  [8,15],  the  present  findings  are 
compatible  with  the  assumption  that  LOX  products 
(oxidized  lipids  or  other  ROS)  or  LOX-dependent 
processes  can  produce  feedback  effects  that  inhibit 
NTR1  function.  AA  metabolism  was  implicated  in  this 
regulation  since  NT  binding  depended  on  the  avail¬ 
ability  of  AA.  The  inhibitor  of  AA  formation  RHC- 
80267  caused  a  striking  increase  in  NT  binding  that  was 
fully  reversed  by  subsequent  addition  of  near  physiolo¬ 
gic  levels  (1-10  pM)  of  AA.  Although  a  number  of 
LOX-derived  AA  metabolites  were  unable  (when  tested 
at  a  concentration  of  4pM)  to  reverse  the  NDGA- 
induced  elevation  in  NT  binding,  it  is  possible  that 
higher  doses  were  required  or  that  a  peroxidizing  tone 
was  needed  for  them  to  be  effective.  H202  (>lmM), 
which  may  have  generated  a  variety  of  oxidized  lipids  or 
mimicked  their  effects,  was  shown  to  restore  NT  binding 
to  control  levels.  Since  PC3  cells  generated  H202  when 
incubated  with  AA  and  since  LOX  blockers  inhibited 
this  process,  it  is  possible  that  LOX  blockers  enhanced 
NT  binding  by  disrupting  LOX-dependent  production 
of  ROS  (e.g.,  H202  or  oxidized  lipids)  that  normally 
occurs  in  a  constitutive  manner  in  PC3  cells  (Fig.  8). 

Similar  effects  as  shown  here  on  NTR1  function  were 
induced  by  dihydropyridine  Ca2  + -channel  blockers  [3], 
polyphenolic  antioxidants  and  flavoprotein  inhibitors 
[16].  Given  the  antioxidant  nature  of  these  compounds 
and  the  sensitivity  of  LOX  to  antioxidants  [7],  it  is 
possible  that  all  of  these  agents  act  by  inhibiting  LOX 
and/or  other  redox-sensitive  enzymes.  In  some  systems, 
lipid  peroxidation  is  inhibited  by  dihydropyridines  [30] 
and  polyphenols  [31].  We  found  that  the  efficacy  for  a 
series  of  dihydropyridines  to  alter  NTR1  function 
correlated  to  superoxide  reactivity  [16].  Since  maximal 
LOX  activity  in  blood  cells  requires  a  peroxidizing  tone 
[32],  LOX  activity  in  PC3  cells  might  depend  on  the 
cellular  ROS  level.  The  mitochondrial  electron  transport 
chain  [33]  and  flavoprotein  oxidases  [34]  are  critical 
sources  of  superoxide  and  H202.  While  LOX  produces 
lipid  peroxides,  various  other  forms  of  ROS  are 
elaborated  by  NAD(P)H  oxidase,  xanthine  oxidase, 
nitric  oxide  synthase  and  cytochrome  P450  [35]  These 
enzymes  constitute  a  network  of  systems  that  contribute 
to  the  ROS  pool  [17].  The  results  presented  here  and  in 
our  earlier  studies  point  towards  an  involvement  of  ROS 
in  regulating  NTR1  signaling.  Since  there  is  growing 
support  for  the  participation  of  ROS  as  second 
messengers  in  receptor  signaling  [36],  one  might  spec¬ 
ulate  that  the  effects  observed  here  represent  some  form 
of  feedback  regulation. 

The  various  LOX  blockers  shown  to  alter  NTR1 
function  (Table  1)  include  non-selective  LOX  inhibitors 
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Fig.  4.  Binding  displacement  curves  (A,  B)  and  Scatchard  plots  (C,  D)  for  125I-NT  binding  to  PC3  cells  in  the  presence  and  absence  of  LOX  blockers 
(NDGA  and  MK886).  Specific  binding  of  125I-NT  (15.6cpm/pg  protein)  measured  at  equilibrium  was  increased  2.9-fold  by  50  |iM  NDGA  and  2.6- 
fold  by  50  |iM  MK886.  (A,  B)  Log  dose-response  plots  show  displacement  of  specific  125I-NT  binding  by  NT,  in  which  binding  was  expressed  as 
percentage  of  control.  The  agents  shifted  the  curves  to  the  left.  Results  are  from  a  typical  experiment  repeated  twice.  (C)  Scatchard  plots  for  a  typical 
experiment  showing  that  NDGA  increased  NTR1  affinity  (apparent  Ki:  control,  0.80  nM;  NDGA,  0.22  nM)  without  increasing  receptor  number 
(Bmax:  control,  147fmol/|ig  NDGA,  135fmol/|ig).  (D)  Scatchard  plots  for  a  typical  experiment  showing  that  MK886  increased  NTR1  affinity 
(apparent  affinity:  control,  1.15  nM;  MK886,  0.44  nM)  without  much  effect  on  receptor  number  (Bmax:  control,  150fmol/|ig;  MK886,  153  fmol/|ig). 


Table  5 

Effects  of  LOX  Blockers  on  NT  Binding  Parameters  in  PC3  Cells 


Agenta 

Bmaxb 

(fmol/mg) 

Ki  for  NTb 
(nM) 

Ki  for  SR48692C 
(nM) 

Control 

145  +  9 

1.0  +  0.09 

12  +  0.9 

NDGA 

128  +  10 

0.28  +  0.03** 

16  +  0.6 

MK886 

143  +  12 

0.35  +  0.04** 

10  +  0.6 

aPC3  cells  were  pretreated  10  min  with  50  pM  concentrations  of  each 
agent  or  vehicle  control.  125I-NT  (105cpm,  50  pM)  was  added  and 
specific  binding  was  measured  for  30  min  at  37  °C. 

bScatchard  analyses  were  performed  using  12  concentrations  of  NT 
and  results  for  Bmax  and  Ki  (mean  +  SEM)  were  obtained  from  at 
least  3  experiments  for  each  agent. 

cBinding  displacement  curves  using  12  concentrations  of  SR48692 
were  used  to  calculate  Ki  (mean  +  SEM)  from  at  least  3  experiments. 
**Result  was  significantly  different  from  control  (P<0.01). 


(NDGA,  ETYA,  CAPE,  retinoic  acid,  gossypol),  5- 
LOX  inhibitors  (AA861,  Rev  5901,  MK886),  12-LOX 
inhibitor  (baicalein),  LTD4  receptor  antagonist 
(LY171883)  and  adenosine  A2sl  receptor  agonist 
(CGS21680).  Some  of  these  agents  (NDGA,  ETYA, 
AA861,  Rev5901,  CAPE,  retinoic  acid,  gossypol, 
baicalein)  inhibit  LOX  activity  by  reducing  Fe3+  to 
Fe2+  [7],  so  they  might  reduce  other  targets  or  act  as 


ROS  scavengers.  Arguing  against  a  general  cellular 
redox  effect,  however,  is  the  fact  that  common 
antioxidants  (sodium  borohydride,  ascorbic  acid,  N- 
acetyl  cysteine  and  vitamins  A,  Bl,  B2,  C  and  E)  which 
might  be  expected  to  affect  protein  sulfhydryl  groups 
and  cellular  glutathione  levels,  had  little  effect  on  NT 
binding.  Instead,  only  a  select  group  of  antioxidants 
(dihydropyridines  and  polyphenols)  produced  the  effects 
seen  here  for  LOX  inhibitors  [16].  Although  dihydro¬ 
pyridines  and  polyphenols  might  also  inhibit  LOX,  we 
cannot  rule  out  the  possible  involvement  of  other  redox- 
sensitive  systems.  On  the  other  hand,  several  of  the  LOX 
blockers  tested  here  (Table  1)  are  not  known  to  be 
redox-reactive.  Thus,  MK886  is  thought  to  act  by 
binding  to  the  5-LOX  activating  protein  FLAP  [37]; 
CGS21680  is  an  adenosine  A2sl  receptor  agonist  that 
suppresses  5-LOX  activity  by  a  cyclic  AMP-dependent 
mechanism  [38];  and  LY171883  is  an  LTD4  receptor 
antagonist.  [39]  Taken  together,  our  findings  indicate 
that  a  variety  of  agents  that  inhibit  LOX  by  different 
mechanisms  alter  NTR1  function,  suggesting  that  LOX 
(primarily  5-LOX)  activity  can  influence  NTR1. 

Eleven  LOX  blockers  displayed  dose-dependent 
effects  on  NTR1  function.  Although  significant  effects 
on  NT  binding  and  NT-induced  IP  formation  occurred 
for  some  of  these  agents  at  doses  near  to  those  for 
inhibition  of  LOX  in  other  systems,  the  doses  for  half 
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maximal  effects  were  generally  =  10-fold  greater  for 
altering  NTR1  function  in  PC3  cells  than  for  inhibiting 
5-LOX  in  blood  cells  (Table  1).  This  disparity  could  be 
due  to  differences  in  the  test  systems  and  incubation 
times  but  might  also  reflect  differences  in  general 
metabolism  [40]  and  drug  metabolism  [41]  in  normal 
versus  cancer  cells.  Nevertheless,  the  most  efficacious 
agents  that  altered  NTR1  function  in  PC3  cells  (NDGA, 
MK886,  AA861,  Rev5901)  were  precisely  those  gener¬ 
ally  recognized  as  the  most  reliable  and  potent  inhibitors 
of  5-LOX  in  blood  cells  [7]. 


The  effects  of  LOX  blockers  on  NTR1  function  were 
drug-specific  and  receptor-specific.  Whereas  LOX 
blockers  dramatically  enhanced  NT  binding,  agents 
known  to  inhibit  pathways  involving  COX,  cAMP, 
cGMP  and  MAPK  had  little  effect.  Likewise,  in  contrast 
to  the  results  for  125I-NT,  cellular  binding  of  iodinated 
ligands  for  bombesin,  vasopressin,  /?2-adrenergic  and 
EGF  receptors  were  not  much  affected  by  LOX 
blockers.  Since  LOX  blockers  did  not  exert  direct  effects 
on  NTR1,  the  effects  in  intact  cells  are  likely  to  involve 
changes  in  metabolic  process(es).  The  enhancement  of 
NT  binding  occurred  rapidly  (within  10  min),  involved 
an  increase  in  receptor  affinity  without  a  change  in 
receptor  number,  and  was  not  due  to  a  change  in  the 
rate  of  receptor  internalization.  Given  that  LOX 
blockers  have  antioxidative  effects,  one  might  propose 
that  LOX  blockers  elevate  NT  binding  by  maintaining 
sulfhydryl  groups  that  participate  in  the  binding 
reaction  [23].  However,  the  fact  that  the  cell-permeable 
reducing  agent  DTT  did  not  prevent  the  effects  of 
NDGA  (Carraway,  unpublished  data)  nor  the  effects  of 
dihydropyridines  and  polyphenols  [16]  argues  against 
this  possibility.  Although  the  mechanism  by  which  LOX 
blockers  alter  NTR1  function  is  not  known,  a  reason¬ 
able  hypothesis  is  that  these  effects  are  secondary  to 
changes  in  lipid  peroxidation  and/or  ROS-dependent 
process(es). 

For  each  LOX  blocker,  the  enhancement  of  NT 
binding  was  associated  with  a  parallel  inhibition  of  NT- 
induced  IP  formation,  and  the  drug  potencies  in  these 
two  assays  were  correlated  (Fig.  2C).  LOX  blockers 
could  exert  two  separate  effects  (one  to  increase  NT 
binding  and  another  to  inhibit  IP  formation),  each 
having  the  same  drug  dependence.  Alternatively,  they 
could  exert  one  effect  (e.g.,  blocking  IP  formation)  that 
produces  feedback  effects  on  NT  binding.  Another 


◄ - 

Fig.  5.  NT  binding  depended  on  the  availability  of  AA.  (A)  Log 
dose-response  plots  for  the  effect  of  PLA2  inhibitor  quinacrine  and 
DAG  lipase  inhibitor  RHC-80267  on  specific  NT  binding.  PC3  cells 
were  pretreated  with  agents  indicated  for  10  min,  125I-NT  (105cpm; 
50  pM)  was  added  and  specific  NT  binding  was  measured  at 
equilibrium  (30  min).  The  data  (mean  +  SEM)  were  pooled  from  4 
experiments.  (B)  Log  dose-response  plots  showing  the  ability  of  AA  to 
reverse  the  increase  in  specific  NT  binding  induced  by  RHC-80267. 
PC3  cells  were  pretreated  10  min  with  6  pM  RHC-80267,  13  pM  RHC- 
80267,  33  pM  RHC-80267  or  vehicle  control  (DMSO).  Then,  AA  was 
added  to  give  the  final  concentrations  indicated  and  after  2  min,  125I- 
NT  (105cpm;  50  pM)  was  added  and  specific  NT  binding  was 
measured.  The  data  (mean  +  SEM)  were  pooled  from  3  experiments. 
(C)  Graph  showing  effects  of  indicated  LOX  products  on  basal  NT 
binding  and  the  NDGA-induced  elevation  in  NT  binding.  PC3  cells 
were  pretreated  10  min  with  25  pM  NDGA  and  then  the  indicated 
LOX  products  were  added  (final  concentration,  4pM).  After  2  min, 
125I-NT  (105cpm;  50  pM)  was  added  and  specific  NT  binding  was 
measured.  The  data  (mean  ±  SEM)  from  3  experiments  were  expressed 
relative  to  vehicle  control  (0.4%  ethanol). 
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possibility  is  that  these  agents  shift  NTR1  to  a  high 
affinity  state  that  is  unable  to  regulate  IP  formation. 
Precedence  for  the  latter  behavior  is  provided  by  the 
effects  of  tyrosine  kinase  inhibitors  on  EGFR,  [42] 
which  shift  EGFR  to  a  dimer  state  exhibiting  an 
enhanced  ability  to  bind  EGF  but  a  diminished  ability 


(C)  [AGENT],  jlxM 


to  autophosphorylate  [43].  Although  dimerization  has 
been  shown  for  some  G  protein-coupled  receptors,  [44] 
it  has  not  been  described  for  NTR1  in  PC3  cells. 
However,  work  in  colon  cancer  HT29  cells  and  in 
transfected  CHO  cells  indicates  that  NTR1  can  hetero- 
dimerize  with  NTR3  [45].  These  authors  found  that  the 
ability  of  NTR1  to  mediate  IP  formation  and  MAP 
kinase  phosphorylation  was  altered  by  cotransfection 
with  NTR3.  The  EC50  (IP  formation)  was  shifted  from 
0.3  nM  (NTR1  alone)  to  1  nM  (NTR1  plus  NTR3). 
These  results  resemble  the  shift  observed  here  for  the  NT 
binding  affinity  in  the  presence  (Ki  =  0.3nM)  and 
absence  (Ki^l.OnM)  of  NDGA  and  MK886  (Table 
5).  Thus,  it  might  be  worthwhile  to  investigate  the  effects 
of  LOX  blockers  on  the  interaction  of  NTR1  with 
NTR3  in  PC3  cells. 

Since  NT  is  a  growth-promoting  peptide  that  is 
released  by  fat  ingestion  in  animals  and  humans  [46,47] 
and  since  NTR1  is  overexpressed  in  many  cancers  [48], 
NT  could  contribute  to  fat-induced  cancer  cell  growth 
[49].  NT  stimulates  PC3  cell  growth  by  a  NTR1- 
mediated  activation  of  EGF  receptor,  MAP  kinase 
and  PI3  kinase  [50],  and  the  ability  of  NT  to  stimulate 
DNA  synthesis  by  activating  these  pathways  is  depen¬ 
dent  on  the  availability  of  AA  and  is  inhibited  by  LOX 
blockers  [15].  Thus,  the  present  findings,  which  shed 
light  on  possible  feedback  effects  of  LOX  systems  on 
NTR1  function,  give  us  a  better  understanding  of  the 
operation  of  this  growth  pathway  and  provide  fresh 
ideas  for  the  development  of  new  therapies  for  prostate 
cancer. 

In  conclusion,  this  study  shows  that  mechanistically 
diverse  LOX  blockers  enhanced  NT  binding  and 
inhibited  NT-induced  IP  formation  in  PC3  cells  (and 
in  a  number  of  other  cancer  cell-lines)  via  indirect  effects 
that  were  pathway-  and  ligand-specific.  NTR1  binding 
affinity  was  increased  without  a  change  in  receptor 
number  or  internalization.  The  enhancement  in  NT 
binding  was  associated  with  a  parallel  inhibition  of  NT- 
induced  IP  formation,  indicating  that  both  responses 
were  similarly  sensitive  to  these  agents.  The  involvement 


u - 

Fig.  6.  Effect  of  H202,  LOX  blockers  and  rotenone  on  cellular  ROS 
levels  measured  by  flow  cytometry.  PC3  cells  were  labeled  with  DCFH- 
DA,  then  incubated  with  the  indicated  agents  or  vehicle  (DM SO)  for 
20  min  at  37  °C  and  harvested  for  FACS  analysis.  (A)  Representative 
histograms  showing  fluorescence  intensity  versus  cell  number  for 
control  cells  and  for  cells  treated  with  400  |iM  H202,  or  10  pM  NDGA 
or  40  pM  NDGA.  The  mean  fluorescence  intensity  was  used  to 
quantitate  the  responses.  (B)  Dose-response  plot  for  the  effect  of  H202 
on  the  mean  fluorescence  intensity  measured  in  3  experiments 
(mean  +  SEM).  (C)  Dose-response  plots  for  the  effects  of  various 
LOX  blockers  on  the  mean  fluorescence  intensity  measured  in  4 
experiments  (mean  +  SEM).  (D)  Dose-response  plot  for  the  effect  of 
rotenone  on  the  mean  fluorescence  intensity  measured  in  3  experiments 
(mean  +  SEM).  +P<0.05;  *+P<0.01. 
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of  AA  metabolism  in  the  regulation  of  NTR1  was 
further  supported  by  the  finding  that  inhibitors  of  PLA2 
and  DAG  lipase  enhanced  NT  binding.  Since  NT  can 
activate  LOX  pathways,  we  propose  that  LOX  blockers 
alter  NTR1  function  by  disrupting  a  specific  feedback 
mechanism  that  involves  lipid  peroxidation  and/or  other 
LOX-dependent  processes. 


(C)  AGENT  (20pM) 


[H202],  mM 


Fig.  8.  H202  dose-responsively  reversed  the  NDGA-induced  elevation 
in  NT  binding  in  PC3  cells.  After  PC3  cells  were  incubated  with  25  pM 
NDGA  or  vehicle  for  10  min,  H202  was  added  at  the  indicated  doses  and 
specific  NT  binding  was  measured  at  equilibrium  (30  min).  The  data 
were  expressed  as  a  percentage  of  the  binding  measured  in  cells  treated 
with  the  vehicle  control  (0.25%  DMSO)  and  represent  3  experiments 
(mean  +  SEM). 
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Neurotensin  (NT)  stimulates  the  proliferation  of  prostate  cancer  PC3  cells, 
To  shed  light  on  mechanisms  that  might  serve  to  coordinate  mitogenic  respoi 
on  NTS  1  function.  We  also  related  these  effects  to  cellular  ATP  levels 
and  mitochondrial  inhibitors,  at  concentrations  that  reduced  cellular 
phosphate  formation,  and  inhibited  NT-induced  DNA  synthesis.  For  e 


press  high  levels  of  its  G  protein-coupled  receptor  NTS1. 
;abolic  status,  we  studied  the  effects  of  metabolic  inhibitors 
of  AMP-activated  protein  kinase  (AMPK).  Glycolytic 
T  binding  to  the  cells,  inhibited  NT-induced  inositol 
e  pine  inhibitors,  the  potencies  to  alter  NT  receptor  function 


correlated  to  the  potencies  to  decrease  cellular  ATP  levels.  In  keeping  with  its  known  role  to  oppose  metabolic  stress,  AMPK  was  activated  by  the 
metabolic  inhibitors.  Accordingly,  the  AMPK  activator  AICAR  elevated  cellular  ATP  levels  and  produced  effects  on  NTS1  function  that  were 
opposite  to  those  for  the  metabolic  inhibitors.  These  results  indicate  that  metabolic  stress  inhibited  NTS1  function  by  a  mechanism  that  involved  a 
fall  in  cellular  ATP  levels  and  that  was  opposed  by  activation  of  AMPK.  In  a  broader  context,  these  findings  are  compatible  with  the  idea  that  one 
means  by  which  cells  might  coordinate  mitogenic  signaling  to  metabolic  status  could  involve  changes  in  growth  factor  receptor  function. 

©  2007  Published  by  Elsevier  B.V. 

Keywords:  Neurotensin;  G  protein-coupled  receptor;  Metabolism;  Receptor  binding;  Growth  signaling;  Cancer  cell  growth;  Metabolic  stress 


1.  Introduction 


>  AMP-activi 


Metabolic  sensors,  such  as  AMP-activated  protein  kinase 
(AMPK),  sense  the  energy  charge  in  cells  and  regulate 
metabolic  enzymes  involved  in  energy  production  and  utiliza¬ 
tion  [1,2].  As  might  be  expected,  the  AMPK  cascade  has  also 
been  shown  to  coordinate  cell  proliferation  with  the  availability 
of  fuel  and  oxygen  [3,4].  This  led  us  to  hypothesize  that  the 
responsiveness  of  cells  to  mitogenic  signals  could  depend  on  the 
cellular  energy  status,  and  that  some  of  this  regulation  might 
involve  changes  in  mitogen  receptor  function.  To  address  this 
hypothesis,  we  have  employed  the  human  prostate  cancer  PC3 
cell  line,  which  exhibits  growth  responses  to  neurotensin  (NT) 
mediated  by  its  type  1  G  protein-coupled  receptor  NTS1  [5-7]. 

NT  is  a  neuroendocrine  peptide  which  promotes  the  growth 
of  the  intestinal  mucosa  in  vivo  [8]  and  the  proliferation  of 
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dispersed  hepatocytes  in  culture  [9].  The  significance  of  NT  in  37 
the  regulation  of  tissue  growth  has  been  reviewed  by  Evers  [10].  38 

NT  receptor  binding  activity  [11]  and  NTS1  mRNA  [12]  are  39 
grossly  overexpressed  by  a  variety  of  primary  human  cancers  as  40 
compared  to  normal  tissues.  In  addition,  human  cancer  cell  41 
lines,  including  those  from  lung  [13,14],  pancreas  [15,16],  42 

colon  [17,18]  and  prostate  [19],  express  high  levels  of  NTS1  43 
and  exhibit  growth  responses  to  sub-nanomolar  concentrations  44 
of  NT.  These  findings  and  the  epidemiological  association  of  45 
cancer  incidence  with  high  fat  intake  around  the  world  [20]  46 

suggest  that  NT,  whose  release  from  the  gut  is  enhanced  during  47 
fat  digestion  [21,22],  could  be  an  important  contributor  in  48 
particular  to  the  fat-induced  component  of  tumor  growth  in  49 
humans.  The  significance  of  NT  in  the  regulation  of  cancer  cell  50 
growth  has  been  reviewed  [23].  51 

Prostate  cancer  (PC)  is  the  most  commonly  diagnosed  cancer  52 
in  Western  men  and  the  second  leading  cause  of  cancer-related  53 
death  [24].  Although  PC  generally  presents  as  an  androgen-  54 
dependent  disease  that  can  be  successfully  treated  by  androgen  55 
ablation  therapy,  it  inevitably  progresses  to  an  independent  56 
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stage  that  leads  to  the  demise  of  the  patient  [25].  Investigating 
factors  that  might  contribute  to  this  transition,  Sehgal  et  al. 
showed  that  the  androgen-dependent  human  prostate  cancer 
LNCaP  cell  line  exhibited  an  autocrine  growth  response  to  NT 
only  in  the  androgen-deprived  condition  [19].  Vias  and 
coworkers  found  that  long-term  anti-androgen  treatment  of 
LNCaP  cells  produced  a  sub-line  exhibiting  upregulated 
expression  of  NT  and  NT  receptors,  along  with  an  enhanced 
growth  rate  and  invasiveness  that  was  sensitive  to  siRNA 
knockdown  of  NT  [26].  Seethalakshmi  et  al.  showed  that  the 
human  androgen-independent  PC3  cell  line,  which  was  derived 
from  PC  metastasized  to  bone,  expressed  very  high  levels  of  NT 
receptor  NTS  1  and  gave  growth  responses  to  NT  at  concentra¬ 
tions  near  to  postprandial  blood  levels  in  humans  [27].  These 
and  other  studies  [5,6]  support  the  notion  that  NT  is  a  potential 
autocrine,  paracrine  and  endocrine  regulator  of  PC  growth  in 
humans,  particularly  after  androgen  ablation  therapy  and  during 
the  devastating  final  stages  of  the  disease. 

Since  1 956,  when  Otto  Warburg  noted  that  cancer  cells  exhibit 
unusual  glycolytic  activity  [28],  there  has  been  an  increasing 
appreciation  for  the  metabolic  differences  between  normal  and 
cancerous  cells  and  the  hope  that  metabolic  vulnerabilities  will  be 
identified  that  might  serve  as  the  basis  for  the  development  of  new 
anti-cancer  therapies  [29,30].  For  example,  glycolytic  and 
mitochondrial  inhibitors  have  shown  some  promise  as  anti-cancer 
agents  for  in  vitro  and  in  vivo  work  [31,32].  Metabolic  inhibitors 
and  other  conditions  that  deplete  cellular  ATP  and  elevate  AMP 
levels  can  initiate  the  activation  of  AMPK,  which  has  an  ability  to 
modulate  ATP-consuming  and  ATP-generating  pathways  to 
maintain  cellular  homeostasis  [33-35].  The  activation  of 
AMPK  that  occurs  in  response  to  metabolic  stress  has  been 
shown  to  protect  cells  from  the  ensuing  apoptosis  [36,37].  On  the 
other  hand,  treatment  of  cells  with  the  AMPK  activator  AICAR 
under  non-stressfiil  conditions  was  found  to  induce  apoptosis  in 
human  prostate  cancer  cells  [4,38].  Thus,  AMPK  can  be 
protective  in  the  context  of  metabolic  stress  by  opposing  the 
insult  to  the  cellular  energy  store.  However,  due  to  its  inhibitory 
effects  on  anabolic  pathways  involved  in  cell  membrane  and 
protein  synthesis,  AMPK  can  also  exert  negative  effects  on  the 
health  and  proliferation  of  cells. 

The  aim  of  the  present  work  was  to  evaluate  the  effects  of 
metabolic  inhibitors  on  NTS1  function  in  PC3  cells,  and  to 
determine  how  they  relate  to  cellular  ATP  levels  and  to  the 
activation  of  AMPK.  We  measured  the  effects  of  nine  inhibitors, 
one  glycolytic  and  eight  mitochondrial,  on  cellular  ATP  levels  and 
we  correlated  these  to  the  changes  in  NT  binding  and  NT-induced 
IP  formation.  The  magnitude  of  these  effects  and  the  potencies  of 
the  various  inhibitors  were  compared.  We  also  investigated  the 
involvement  of  AMPK  by  assessing  the  effects  of  metabolic 
inhibitors  on  the  phosphorylation  of  AMPK,  and  by  determining 
the  effects  of  AMPK  activator  AICAR  on  NTS1  function.  Our 
results  indicated  that  metabolic  stress  altered  NTS1  function  in 
PC3  cells  by  a  mechanism  that  was  associated  with  a  fall  in  cellular 
ATP  levels  and  that  was  opposed  by  the  activation  of  AMPK. 
Although  cellular  responses  to  mitogens  are  undoubtedly  regulated 
at  multiple  levels  in  their  signaling  cascades  in  order  to  coordinate 
growth  responses  to  metabolic  status,  the  present  findings  suggest 


that  some  of  this  regulation  (at  least  in  regard  to  the  effects  of  NT) 
could  occur  at  the  level  of  the  growth  factor  receptor. 

2.  Materials  and  methods 

2.1.  Materials 

[125I]-sodium  iodide  (2000  Ci/mmol),^l,2-3H(N)]-wy6>-inosi- 
tol  (60  mCi/mmol)  and  [methyl-3 H] -thymidine  were  obtained 
from  Perkin  Elmer  Life  Science  (Boston,  MA).  Antibodies  to 
ERK,  phospho-ERK,  AMPK  and  phospho-AMPK  were  from  Cell 
Signaling  Technology  (Beverly,  MA).  HRP-linked  secondary 
antibodies  were  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA). 
5-Aminoimidazole-4-carboxamide-l-|2>-D-ribofuranoside 
(AICAR)  was  from  Toronto  Research  Chemicals,  Canada. 
Troglitazone  and  ciglitazone  were  from  Cayman  Chemical  (Ann 
Arbor,  MI).  Oligomycin  was  from  Calbiochem  (San  Diego,  CA). 
Myxothiazole,  rotenone,  antimycin  A,  dicumarol,  2 -deoxy  glucose 
(2-DG),  carbonyl  cyanide  m-chlorophenylhydrazone  (CCCP)  and 
all  other  chemicals  were  from  Sigma  (St.  Louis,  MO). 

2.2m  Tissue  culture 

The  human  prostate  cancer  PC3  cell  line,  obtained  from 
American  Type  Culture  Collection  (Manassas,  VA),  was 
maintained  in  F12K  medium  as  described  [27].  LNCaPcs 
cells,  a  clone  derived  from  the  human  prostate  LNCaP  cell  line, 
were  a  gift  from  Shuk-mei  Ho,  Department  of  Environmental 
Health,  University  of  Cincinnati  Medical  School  and  were 
maintained  in  phenol  red- free  RPMI  medium  as  described  [39]. 
For  all  studies,  cells  were  grown  in  24  well  culture  plates.  For  IP 
studies,  cells  were  labeled  with  3H-inositol  using  medium  199 
(Difco),  which  has  a  low  inositol  content. 

2.3.  Glycolytic  and  mitochondrial  inhibitors 

2-DG  is  a  competitor  for  glucose  transport  and  an  inhibitor  of 
the  first  two  enzymes  in  the  glycolytic  pathway,  hexokinase  and 
phosphoglucose  isomerase  [40].  Rotenone  is  a  classical 
inhibitor  of  mitochondrial  complex  I  activity  [41].  The 
thiazolidinediones,  troglitazone  and  ciglitazone,  are  antidiabetic 
drugs  that  were  recently  found  to  inhibit  complex  I  activity  [42] 
and  to  activate  AMPK  [1].  Treatment  of  PC3  cells  with 
thiazolidinediones  was  shown  to  induce  apoptosis  in  a  Bcl-2 
dependent  manner  [43].  Dicumarol  is  an  inhibitor  of  complex 
III  activity,  which  was  shown  to  enhance  the  cytotoxicity  of 
cisplatin  in  a  p53-dependent  manner  [44].  Antimycin  A  and 
myxothiazole  are  classical  inhibitors  of  complex  III,  and 
oligomycin  is  a  specific  inhibitor  of  complex  V  (ATP  synthase) 
[45,46].  CCCP  is  a  protonophore  whose  major  effect  is  to 
dissipate  the  mitochondrial  hydrogen  ion  gradient,  uncoupling 
oxidative  phosphorylation  [47]. 

2.4.  Effects  of  the  agents  on  cell  viability 

To  examine  the  possibility  that  the  agents  affected  cell 
viability,  we  tested  their  effects  in  a  trypan  blue  exclusion  assay. 
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162  Cells  were  treated  in  an  identical  fashion  as  described  for  the 

163  experiments  reported  in  Results.  To  control  for  the  growth 

164  studies  (Fig.  IB  and  C),  cells  were  incubated  with  0.5  mM  2- 

165  DG,  1  pM  CCCP  or  vehicle  control  for  24  h  at  37  °C.  For  the 

166  studies  on  NT  binding  and  IP  formation  (Figs.  2  and  3),  cells 

167  were  incubated  with  10  mM  2-DG,  10  pM  oligomycin,  10  pM 

168  myxothiazole,  10  pM  CCCP,  20  pM  antimycin  A,  20  pM 
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rotenone,  20  pM  troglitazone,  or  vehicle  control  for  40  min  at 
37  °C.  The  medium  was  removed  and  the  cells  were  incubated 
with  0.4%  trypan  blue  for  15  min.  After  washing  in  Locke,  the 
percentage  of  stained  cells  was  determined  by  counting  multiple 
fields  of  200  (method  A),  and  by  dividing  the  total  number  of 
stained  cells  by  the  total  cells  determined  by  measuring  protein 
content  (method  B).  The  percentage  of  stained  cells  for  the 
control  and  experimental  samples  (n  =  3)  was  <1%  (method  A) 
and  <0.1%  (method  B).  Thus,  non§#of  these  treatments 
seriously  altered  the  viability  of  the  cells. 


2.5.  Binding  to  cultured  cells 
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HPLC-purified  monoiodinated  NT  (  I-NT)  at  2000  Ci/ 
mmol  was  prepared  and  binding  was  performed  as  described  by 
us  [48].  In  brief,  cells  in  24-well  plates  were  washed  with 
HEPES-buffered  Locke-BSA  (Locke):  148  mM  NaCl;  5.6  mM 
KC1,  6.3  mM  HEPES;  2.4  mM  NaHC03;  1.0  mM  CaCl2; 
0.8  mM  MgCl2;  5.6  mM  glucose;  0.1%  BSA;  pH  7.4.  Stock 
solutions  (5-10  mM)  of  agents  in  dimethyl  sulfoxide  (DMSO) 
were  prepared  just  before  use  and  were  diluted  in  Locke  to  give 
<  1%  DMSO.  Equilibrium  binding  at  37  °C  was  performed  for 
30  min  using  105  cpm/ml  125I-NT  in  1 .0  ml  Locke.  The  reaction 
was  stopped  on  ice,  the  medium  was  aspirated  and  cells  were 
washed  in  ice-cold  saline.  Cellular  binding  was  determined  as 
.dioactivity  per  pg  protein  in  cells  extracted  in  0.3  M  NaOH. 
cific  binding,  displaceable  by  1  pM  NT  (20,000-fold 
excess),  was  95%  of  total  binding.  Binding  displacement 
curves  were  constructed  and  binding  parameters  were  deter¬ 
mined  by  Scatchard  analysis  [49].  Cell  surface  binding  and 
internalization  were  assessed  by  washing  cells  at  room 
temperature  for  2  min  with  1  ml  of  0.2  M  acetic  acid,  0.5  M 
NaCl  [50]. 

The  binding  parameters  for  the  ligands  used  to  measure 
bombesin  receptor  binding  and  EGF  receptor  binding  in  PC3 
cells  were  described  by  us  [49].  In  brief,  equilibrium  binding 
was  performed  in  a  manner  identical  to  that  for  NT  using  HPLC- 
purified  125I-labeled  ligands  (>1000  Ci/mmol;  105  cpm/ml). 
Specific  binding  was  defined  as  that  displaceable  by  1  pM 
unlabeled  ligand  (10,000-fold  excess). 
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Fig.  1 .  Glycolytic  inhibitor  2-DG  blocked  NT- induced  ERK  phosphorylation  but 
not  EGF-induced  ERK  phosphorylation  (A),  and  also  inhibited  NT-induced 
DNA  synthesis  more  than  EGF-induced  DNA  synthesis  (B).  Mitochondrial 
blocker  CCCP  inhibited  NT-induced  DNA  synthesis  more  than  EGF-induced 
DNA  synthesis  (C).  In  (A),  quiescent  PC3  cells  were  preincubated  with  10  mM 
2-DG  in  Locke  for  30  min,  and  then  stimulated  with  NT  (30  nM)  or  EGF  (3  nM) 
for  5  min.  Cell  lysates  were  subjected  to  western  blotting  using  phospho-specific 
and  enzyme-specific  antibodies  to  ERK.  The  relative  densities  for  the  pERK 
signals  were  normalized  and  plotted  in  the  bar  graph  (mean  ±  range,  n  =  2).  In 
(B)  and  (C),  quiescent  cells  were  preincubated  with  control  (DMSO)  or  the 
indicated  concentrations  of  2-DG  and  CCCP  for  30  min,  followed  by  stimulation 
with  NT  (30  nM)  or  EGF  (10  nM)  for  24  h.  The  incorporation  of  [3H] -thymidine 
into  DNA  was  measured  and  the  data  were  expressed  as  %  control.  Data  (mean± 
SEM)  represent  at  least  3  experiments.  **Result  for  NT  was  significantly 
different  from  corresponding  result  for  EGF  (p<0.01). 
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2.6.  IP  formation 


2. 7.  Cellular  ATP  measurement 


Formation  of  [3H]-IP  was  measured  as  described  by  us  [49]. 
Briefly,  PC3  cells  in  24- well  plates  were  incubated  48  h  with 
myo-[3K\-inosito\  (2.5  pCi/ml)  in  medium  199,  0.2%  fetal  calf 
serum.  Cells  were  treated  with  Locke,  1 5  mM  LiCl  for  1 0  min  to 
inhibit  phosphatases.  Then,  they  were  preincubated  at  37  °C  with 
test  agents  or  vehicle  (DMSO)  in  Locke,  15  mM  LiCl  for  10  min. 
The  reaction  was  initiated  by  adding  NT  or  vehicle  (Locke).  After 
30  min,  medium  was  aspirated,  ice-cold  0.1  M  formic  acid  in 
methanol  was  added  and  plates  were  placed  at  -20  °C  overnight. 
IP  was  adsorbed  to  AG- 1X8,  which  was  washed  in  5  mM  myo¬ 
inositol  and  eluted  in  1.5  M  ammonium  formate.  Scintillation 
counting  was  performed  in  Ecoscint  (National  Diagnostics). 
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Cells  in  24-well  plates  were  incubated  at  37  °C  with  test  agents 
for  the  indicated  times,  the  medium  was  aspirated,  0.3  ml  of  ice- 
cold  1 .2%  TCA  was  added  and  the  plates  were  placed  at  -20  °C. 
After  16  h,  aliquots  were  diluted  15-fold  into  PBS  and  20  pi 
samples  were  added  to  separate  wells  of  a  96-well  luminometer 
plate.  The  plate  was  placed  in  a  Beckman  LD400  luminometer  that 
was  programmed  to  add  100  pi  luciferase  bioluminescent  reagent 
(Enliten,  Promega)  and  to  integrate  luminescence  over  10  s. 

2.8.  Western  blotting 

Western  blot  analysis  was  performed  as  described  by  us  [6].  In 
brief,  PC3  cells  in  60-mm  dishes  were  withdrawn  from  serum  for 
24  h.  Cells,  washed  in  Locke,  were  exposed  to  stimuli  at  37  °C  for 
times  indicated.  After  washing  with  ice-cold  PBS  containing 
phosphatase  inhibitors,  cells  were  placed  on  ice  and  scraped  into 
2x  SDS  buffer  (plus  inhibitors)  and  sonicated.  Equal  amounts  of 
protein  were  separated  by  SDS-PAGE  and  transferred  onto 
PVDF  (Immobilon  P,  Millipore).  Blots  were  incubated  with  the 
primary  antiserum  in  blocking  buffer  for  18  h  at  4  °C.  After 
washing,  blots  were  incubated  with  HRP-linked  secondary 
antibody  for  1  h  at  20  °C,  and  ECL  was  performed  using 
supersignal  west  pico  reagent  (Pierce,  Rockford,  IL).  After 
staining,  blots  were  stripped  and  reprobed  using  different 
antibodies  for  comparison  and  normalization.  Note  that  the 
esults  in  Fig.  1 A  were  normalized  based  on  protein  loading  rather 
an  on  total  ERK  staining.  This  was  necessary  because  strong 
phosphorylation  of  ERK  (most  evident  in  the  response  to  EGF) 
diminished  the  signal  obtained  with  the  ERK  antibody,  most 
likely  due  to  a  lesser  affinity  for  the  phosphorylated  protein. 

2.9.  DNA  synthesis  assay 

The  assay  was  performed  as  described  [6].  Briefly,  104  cells 
were  plated  per  well  in  24-well  plates.  After  24  h,  cells  were 
serum-starved  for  48  h,  then  fresh  RPMI  medium  was  added 
containing  inhibitors  or  vehicle  control,  followed  in  30  min  with 
the  stimuli  (NT  or  EGF).  After  24  h,  [3H] -thymidine  (1  pCi)  was 

Fig.  2.  Glycolytic  inhibitor  2-DG  increased  specific  NT  binding  (A),  decreased 
NT-induced  IP  formation  (B),  and  decreased  cellular  levels  of  ATP  (C)  with  a 
potency  that  was  enhanced  in  the  absence  of  glucose.  In  (A),  PC3  cells  were 
equilibrated  in  Locke  or  Locke  minus  glucose  for  20  min.  Then,  2-DG  was 
added  at  the  indicated  concentrations.  After  10  min,  125I-NT  (105  cpm;  50  pM) 
was  added  and  specific  NT  binding  was  measured  30  min  later.  Non-specific 
binding  was  <5%  of  total  binding.  The  EC50  in  the  absence  and  presence  of 
glucose  was  0.5  mM  and  3  mM,  respectively.  Data  (mean±SEM)  were  from  3 
experiments.  In  (B),  glucose  was  withdrawn  from  half  of  the  cells  during  the 
LiCl  treatment  period  (10  min).  Then,  the  cells  were  pretreated  for  10  min  with 
2-DG  at  concentrations  indicated,  NT  was  added  (a  maximal  dose,  30  nM),  and 
IP  formation  was  measured  after  30  min.  The  IC50  in  the  absence  and  presence 
of  glucose  was  0.6  mM  and  4  mM,  respectively.  Data  (mean±  SEM)  were  from  3 
experiments.  In  (C),  cells  were  pretreated  in  Locke  or  Locke  minus  glucose  for 
20  min.  Then,  2-DG  was  added  and  after  40  min,  the  medium  was  aspirated  and 
the  cells  were  extracted  with  1.2%  TCA.  Cellular  ATP  was  measured  and 
expressed  as  %  appropriate  control.  The  IC50  in  the  absence  and  presence  of 
glucose  was  0.75  mM  and  4  mM,  respectively.  The  data  (mean ± range)  were 
from  a  typical  experiment  that  was  repeated. 
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Fig.  3.  Mitochondrial  inhibitors  increased  specific  NT  binding  (A,  B)  and 
decreased  NT- induced  IP  formation  (C)  dose-responsively.  In  (A)  and  (B),  PC3 
cells  were  incubated  for  10  min  in  Locke  plus  control  (DMSO)  or  agents  at 
indicated  concentrations.  Then,  125I-NT  (105  cpm/ml)  was  added  and  specific 
NT  binding  was  measured  at  equilibrium  (30  min).  Non-specific  binding  was 
<5%  of  total  binding.  Data  (mean±SEM)  were  from  at  least  3  experiments.  In 
(C),  cells  were  pretreated  for  10  min  with  the  indicated  concentrations  of  agents, 
NT  was  added  (a  maximal  dose,  30  nM),  and  IP  formation  was  measured  after 
30  min.  Data  (mean±SEM)  were  from  at  least  3  experiments. 


255  added  for  3  h.  DNA  was  precipitated  with  6%  TCA,  washed  in 

256  PBS  and  ethanol,  solubilized  in  0.3  N  NaOH,  0.1%  SDS  and 

257  counted  by  liquid  scintillation  spectrometry. 

258  2.10.  Statistics 

259  Data  were  calculated  as  mean±SEM  for  n  independent 

260  observations.  Statistically  significant  differences  were  assessed 


using  Student’s  Mest  for  single  comparisons  and  using  ANOVA  261 
(Graph  Pad  Software,  San  Diego,  CA)  for  multiple  compar-  262 
isons.  Statistical  significance  was  defined  as  /?<0.05.  263 

3.  Results  264 

3.1.  Metabolic  stress  inhibited  NT-induced  growth  signaling  265 

Treatment  of  PC3  cells  with  NT  is  known  to  stimulate  PLC-  266 
mediated  inositol  phosphate  (IP)  production,  mobilize  intracel-  267 
lular  Ca2+  and  activate  PKC  in  a  number  of  cell  systems  [5 1].  In  268 
PC3  cells,  these  events  lead  to  the  release  of  EGF-like  substance  269 
(s),  the  transactivation  of  EGFR  and  the  activation  of  ERK  and  270 
AKT,  culminating  in  a  growth  response  [6].  To  assess  the  effects  271 
of  metabolic  stress  on  the  growth  response  to  NT,  we  examined  272 
the  effect  of  the  glycolytic  inhibitor  2-DG  on  NT-induced  ERK  273 
activation  and  NT-induced  DNA  synthesis  in  PC3  cells.  274 
In  preliminary  experiments,  we  determined  the  optimal  doses  275 
of  2-DG  that  could  compete  with  the  5.6  mM  glucose  present  in  276 
the  medium.  Under  these  conditions,  2-DG  did  not  affect  the  277 
viability  of  the  cells  (see  Section  2.4).  Pretreatment  of  cells  with  278 
10  mM  2-DG  dramatically  inhibited  the  stimulatory  effect  of  279 
NT  on  ERK  phosphorylation  (Fig.  1A)  and  pretreatment  with  280 
0.1  mM  2-DG  strongly  inhibited  NT-induced  DNA  synthesis  281 
(Fig.  IB).  In  contrast,  these  doses  of  2-DG  were  less  effective  in  282 
inhibiting  the  stimulatory  effects  of  EGF  in  these  assays  283 
1A  and  B).  Similarly,  the  mitochondrial  inhibitor  CCCP  284 
was  more  potent  in  inhibiting  the  growth  effect  of  NT  than  that  285 
of  EGF  (Fig.  1C).  Given  that  NT  and  EGF  utilize  the  same  286 
downstream  pathways  to  stimulate  growth,  the  enhanced  287 
sensitivity  of  the  NT  response  to  metabolic  inhibition  suggested  288 
that  one  of  the  early  steps  in  NT  signal  transduction,  such  as  289 


Table  1  tl.l 

Activity  of  metabolic  inhibitors  on  NT  binding,  NT-induced  IP  formation  and 
ATP  levels  in  PC3  cells  1 1 .2 


Agent 

NT  binding  a 

IP  formation13 

ATP  level c 

tl.3 

EC50  (pM) 

IC50  (pM) 

IC50  (pM) 

tl.4 

2-DG  (+ glucose) 

5000 

6000 

5000 

tl.5 

2-DG  (-glucose) 

550 

600 

550 

tl.6 

Myxothiazole 

7 

3 

9 

tl.7 

Antimycin  A 

13 

7 

14 

tl.8 

Rotenone 

18 

8 

21 

tl.9 

CCCP 

9 

5 

62 

tl.10 

Oligomycin 

20 

4 

30 

tl.ll 

Troglitazone 

16 

8 

28 

tl.12 

Ciglitazone 

25 

30 

36 

tl.13 

Dicumarol 

50 

50 

62 

tl.14 

a  The  ability  to  enhance  NT  binding  was  tested  in  PC3  cells.  Since  the 
maximal  increase  observed  was  =  120%,  EC50  was  defined  as  the  [agent]  that 
increased  NT  binding  by  60%.  Given  are  means  determined  using  data  from  at 
least  3  experiments. 

b  The  ability  to  inhibit  NT-induced  IP  formation  was  tested  in  PC3  cells.  Since 
the  maximal  inhibition  observed  was  =70%,  IC50  was  defined  as  the  [agent] 

tl.15 

that  decreased  IP  by  35%.  Given  are  means  determined  using  data  from  at  least  3 
experiments. 

c  The  ability  to  decrease  [ATP]  was  tested  in  PC3  cells.  The  IC50  was  defined 
as  the  [agent]  that  decreased  ATP  levels  by  35%.  Given  are  means  determined 
using  data  from  at  least  3  experiments. 


tl.16 


tl.17 
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Table  2 

Effects  of  metabolic  inhibitors  on  IP  formation  in  response  to  NT,  bombesin  and 
ATP 


Agent 

Dosea 

(HM) 

IP  formation 
(%  control) b 

in  response  to  stimulus 

NT 

Bombesin 

ATP 

Rotenone 

2 

85±3  * 

65±3  ** 

64±3** 

20 

55±3  ** 

51±3  ** 

47±2  ** 

CCCP 

2 

76±4  ** 

64±3** 

65±2  ** 

20 

46±3  ** 

52±3  ** 

49±2  ** 

Myxothiazole 

2 

68±4  ** 

63±3  ** 

nd 

20 

40±3  ** 

42±3  ** 

nd 

Antimycin  A 

2 

83±4  * 

65±3  ** 

nd 

20 

52±3  ** 

49±2  ** 

nd 

a  The  doses  of  each  agent  were  chosen  based  on  the  dose-response  curves 
(Fig.  3C). 

b  PC3  cells  were  pretreated  10  min  with  the  agents  at  concentrations  indicated. 
NT,  bombesin  or  ATP  was  added  and  IP  formation  was  measured  after  30  min  at 
37  °C.  The  doses  of  NT  (30  nM),  bombesin  (2  nM)  and  ATP  (2  pM)  were  chosen 
to  stimulate  basal  IP  formation  4-to  6-fold  under  control  conditions.  Results 
(mean±SEM)  are  from  at  least  3  experiments,  nd,  not  determined. 

*  Result  was  significantly  different  from  control  (p<0.05). 

**  Result  was  significantly  different  from  control  (/? <0.01 ). 


binding  to  NTS  1  or  activation  of  PLC,  might  be  sensitive  to 
metabolism. 


3.2.  Metabolic  stress  elevated  NT  binding  to  PC3  cells 


When  PC3  cells  were  incubated  with  125I-NT  (105  cpm/ml) 
in  Locke  (5.6  mM  glucose),  equilibrium  was  achieved  after 
30  min  at  37  °C  and  specific  binding  was  18 ±3  cpm/pg  protein1 
(mean±SEM,  n  =  9)  in  agreement  with  our  earlier  work  [52]. 
Withdrawing  glucose  from  the  cells  for  60  min  (30  min 
pretreatment  plus  30  min  binding  reaction)  enhanced  specific 
NT  binding  by  15 ±4%  (p<0.05;  n  =  9).  This  result  suggested 
that  NT  binding  was  sensitive  to  metabolic  stress  and  led  us  to 
examine  the  effects  of  metabolic  inhibitors  known  to  affect 
glycolysis  and  mitochondrial  oxidative  phosphorylation. 

Pretreatment  of  cells  with  the  glycolytic  inhibitor  2-DG  for  2 
to  30  min  caused  an  increase  in  specific  NT  binding  that  rose  to 
a  maximal  value  within  10  min  and  then  plateaued  (results  not 
shown).  Since  the  binding  reaction  required  30  min  to  reach 
equilibrium,  the  effect  of  2-DG  was  maximal  within  40  min. 
Specific  NT  binding  was  increased  by  as  much  as  70%  in  a 
dose-dependent  manner  (Fig^2A)  without  an  effect  on  non¬ 
specific  binding  (results  not  shown).  The  potency  of  2-DG  was 
enhanced  =7-fold  by  removing  glucose  from  the  buffer, 
indicating  that  2-DG  was  in  metabolic  competition  with 
glucose. 

Inhibitors  of  mitochondrial  oxidative  phosphorylation  also 
increased  specific  NT  binding  when  preincubated  with  the  cells 
for  10  min,  and  their  effects  were  dose-dependent  (Fig.  3 A 
and  B).  Specific  NT  binding  was  increased  by  as  much  as  125% 
(Fig.  3A  and  B)  without  an  effect  on  non-specific  binding.  The 
effective  agents  included  complex  I  inhibitors  (rotenone, 
troglitazone,  ciglitazone),  complex  III  inhibitors  (antimycin  A, 
myxothiazole,  dicumarol)  and  ATP  synthase  inhibitor  (oligo- 
mycin).  The  protonophore  (CCCP),  which  dissipates  the 


mitochondrial  H+  gradient  and  uncouples  oxidative  phosphor¬ 
ylation,  also  enhanced  specific  NT  binding  (Fig.  3B).  The 
order  of  potency  was  myxothiazole  >  CCCP  >  antimycin 
A  >  troglitazone  >  rotenone  >  oligomycin  >  ciglitazone  >  dicuma¬ 
rol  (Table  1).  These  treatments  with  the  glycolytic  and 
mitochondrial  inhibitors  did  not  affect  the  viability  of  the  cells 
(see  Section  2.4). 

3.3.  Metabolic  inhibitors  diminished  NT-induced  IP  formation 

Although  metabolic  inhibitors  enhanced  NT  binding,  they 
reduced  the  ability  of  NT  to  stimulate  PLC.  In  agreement 
with  our  prior  work  [49],  stimulation  of  PC3  cells  with  a  maximal 
dose  of  NT  (30  nM)  increased  IP  formation  4.2±0.3-fold 
(meaniSEM,  «  =  8).  Pretreatment  of  the  cells  with  the  glycolytic 
inhibitor  2-DG  dose-dependently  reduced  the  ability  of  NT  to 
stimulate  IP  formation  (Fig.  2B).  The  potency  of  2-DG  was 
enhanced  =  9-fold  by  removing  glucose  from  the  buffer, 
indicating  that  2-DG  was  in  metabolic  competition  with  glucose. 
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Fig.  4.  Metabolic  inhibitors  decreased  cellular  ATP  levels  time-dependently  (A) 
and  dose-dependently  (B).  PC3  cells  were  treated  with  indicated  agents  in  Locke 
for  the  times  indicated  and  cellular  ATP  levels  were  measured.  In  (A),  cells  were 
incubated  with  Locke  (0.25%  DMSO)  or  2-DG  (10  mM),  myxothiazole 
(25  pM),  rotenone  (25  pM),  antimycin  A  (25  pM)  or  CCCP  (25  pM)  for  the 
times  indicated.  Cellular  ATP  levels  were  expressed  relative  to  control.  Data 
were  from  a  typical  experiment  that  was  repeated.  In  (B),  cells  were  incubated 
for  40  min  in  Locke  with  agents  at  indicated  concentrations,  cellular  ATP  was 
measured  and  expressed  relative  to  DMSO  control.  Data  (mean±SEM)  were 
from  at  least  3  experiments. 


Please  cite  this  article  as:  Carraway  RE,  Hassan  S.  Neurotensin  receptor  binding  and  neurotensin-induced  growth  signaling  in  prostate  cancer  PC3  cells  are 
sensitive  to  metabolic  stress.  Regulatory  Pept  (2007),  doi:10.1016/j.regpep.2006.12.027 


340 

341 

342 

343 

344 

345 

346 

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 


ARTICLE  IN  PRESS 


R.E.  Carraway,  S.  Hassan  /  Regulatory  Peptides  xx  (2007)  xxx-xxx 


20  40  60  80 

ATP  (%  decrease) 


B 


o 

LO 

o 


70 

60 

50 

40 

30 

20 

10 


• 

CCCP 

dicumarol 

ciglitazone 

oligomycin 

troglitazone  • 

s'9  rotenone 

s'  #  antimycin  A 

r2  =  0.94 

myxothiazole 

10 


20 


30 


40 


EC50,  pM 


Fig.  5.  For  the  effects  of  the  mitochondrial  inhibitors,  the  %  increi 
binding  was  linearly  related  to  the  %  decrease  in  cellular  ATP  (A),  and  ti 
for  the  increase  in  NT  binding  was  linearly  related  to  the  IC50  for  the 
cellular  ATP  (B).  In  (A),  cells  were  treated  with  increasing  doses 
as  in  Figs.  2  and  3 .  Cellular  ATP  and  NT  binding  were  measured  after 
%  decrease  in  cellular  ATP  and  the  %  increase  in  NT  binding  were  calculated 
relative  to  controls.  Plotted  are  mean  values  determined  in  at  least  3  experiments. 
In  (B),  the  ability  of  mitochondrial  inhibitors  to  enhance  NT  binding  (EC50)  was 
correlated  to  the  ability  to  decrease  cellular  ATP  (IC50).  The  values  shown  were 
determined  from  studies  such  as  those  in  Figs.  2  and  3,  and  are  presented  in  Table 
1 .  The  line  drawn  was  obtained  by  excluding  CCCP  from  the  linear  regression 
analysis  and  it  yielded  a  correlation  coefficient  r2  =  0.94. 


The  effects  of  2-DG  on  NT  binding  and  IP  formation  occurred  in 
the  same  dose  range  (Table  1). 

Mitochondrial  blockers  also  diminished  NT-induced  IP 
formation  (Fig  3C).  The  order  of  potency  was  myxothiazole> 
oligomycin  >  GCCP>  antimycin  A  >  rotenone  =  troglitazone  > 
ciglitazone>dicumarol  (Table  1).  In  comparison  to  the  potency 
order  for  the  effects  on  NT  binding,  these  results  agreed  quite  well 
with  the  exception  of  oligomycin  (Table  1).  For  the  other 
inhibitors,  the  EC50’s  for  the  effect  on  NT  binding  correlated  to 
the  IC50’s  for  the  effect  on  IP  formation  (r2  =  0.87).  Thus,  the 
sensitivities  of  the  two  assays  to  the  effects  of  the  mitochondrial 
inhibitors  were  not  precisely  the  same  but  the  dependence  was 
similar  for  seven  out  of  eight.  This  suggested  that  both  effects 
might  have  been  caused  by  a  change  in  the  state  of  NTS  1  (e.g., 
NTS1  may  have  shifted  to  a  state  that  was  uncoupled  from  PLC 
and  displayed  higher  binding  ability). 

Further  study,  however,  demonstrated  that  metabolic  block¬ 
ers  not  only  inhibited  IP  formation  in  response  to  NT  but  also 


that  induced  by  bombesin  and  ATP,  agonists  for  other  Gq-  358 
coupled  receptor  systems  (Table  2).  These  results  indicate  that  359 
metabolic  stress  exerted  a  general  effect  on  agonist-stimulated  360 
IP  formation.  Possible  mechanisms  include  (a)  an  uncoupling  of  361 
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Fig.  6.  Inhibition  of  both  glycolysis  and  oxidative  phosphorylation  greatly 
suppressed  NT  binding  (A),  reduced  cellular  ATP  levels  to  <15%  control  (B), 
and  increased  the  inhibitory  effects  of  mitochondrial  blockers  on  NT-induced  IP 
formation  (C).  In  (A),  cells  were  preincubated  20  min  in  Locke  (+ glucose)  or  in 
Locke  minus  glucose  (-glucose).  The  mitochondrial  inhibitors  were  added  at 
concentrations  indicated  and  after  10  min,  125I-NT  was  added.  Specific  NT 
binding  was  measured  at  equilibrium  (30  min).  The  %  increase  or  the  %  decrease 
in  NT  binding  was  determined  relative  to  control.  Data  (mean±  SEM)  were  from 
3  experiments.  In  (B),  cells  were  treated  as  in  (A),  and  cellular  ATP  was 
measured  after  40  min  and  expressed  as  %  control.  Data  (mean  ±  SEM)  were 
from  3  experiments.  In  (C),  glucose  was  withdrawn  from  half  the  cells  for 
10  min.  DMSO  (0.1%),  myxothiazole  (5  pM)  and  CCCP  (10  pM)  were 
added  and  after  10  min,  cells  were  stimulated  with  30  nM  NT  for  30  min. 
IP  formation  was  measured  and  expressed  relative  to  the  +  glucose  control. 
Data  (mean ± SEM)  were  from  2  experiments.  **Result  for  -glucose  was 
significantly  different  from  result  for  +  glucose  (/?<0.01). 
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CON  MYX  ROT  ANTI-A  CCCP 


ATP  until  it  reached  a  plateau  of  30-40%  control.  The 
incremental  decreases  in  ATP  levels  were  associated  with 
incremental  increases  in  NT  binding  and  incremental  decreases 
in  NT- induced  IP  formation  (compare  Fig.  2 A,  B  and  C).  For 
example,  in  the  presence  of  glucose,  5  mM  2-DG  caused  a  35% 
fall  in  ATP,  a  34%  rise  in  NT  binding,  and  a  30%  fall  in  IP 
formation.  In  the  absence  of  glucose,  0.55  mM  2-DG  caused  a 
35%  fall  in  ATP,  a  34%  rise  in  NT  binding,  and  a  32%  fall  in  IP 
formation.  Thus,  the  effects  of  2-DG  on  cellular  ATP  and  on  NT 
binding  were  related  quantitatively.  These  results  suggested  that 
NT  binding  and  NT-induced  IP  formation  were  influenced  by 
the  glycolytic  rate  as  reflected  in  the  cellular  ATP  level. 

Similarly,  increasing  doses  of  the  mitochondrial  inhibitors 
decreased  cellular  ATP  levels,  which  plateaued  at  20-70%  control 
depending  on  the  agent  (Fig.  4B).  The  order  of  potency  was 
myxo thiazole  >  antimycin  A  >  rotenone  >  troglitazone  >  o ligomy- 
cin>ciglitazone>CCCP  =  dicumarol  (Table  1).  As  the  dose  of 
each  inhibitor  was  increased,  there  was  nearly  a  linear  relationship 
between  the  decrease  in  ATP  level  and  the  increase  in  NT  binding 
(Fig.  5 A).  For  the  agents  other  than  CCCP,  a  dose  that  caused  a 
35%  fall  in  cellular  ATP  led  to  a  55-75%  increase  in  NT  binding. 
Furthermore,  for  all  agents  except  CCCP,  the  EC50  for  the 


CON  MYX  ROT  ANTI-A  CCCP 


Fig.  7.  When  performed  alone  (A),  glucose  deprivation  or  treatment  with 
mitochondrial  inhibitors  did  not  change  the  percentage  of  internalized  NT 
binding  but  when  combined  (B),  they  severely  and  specifically  inhibited 
internalization.  Identical  treatments  were  performed  in  the  presence  (A)  and 
absence  (B)  of  glucose.  Cells  were  pretreated  with  Locke  or  Locke  minus 
glucose  for  15  min.  Agents  were  added:  DMSO  (0.3%),  myxothiazole  (10  pM), 
rotenone  (30  pM),  antimycin  A  (10  pM),  CCCP  (15  pM).  After  10  min,  cells 
were  incubated  with  125I-NT  (105  cpm/ml)  for  30  min.  Total  cellular  binding  and 
internalized  binding  were  measured  and  the  results  were  expressed  as  percentage 
of  the  total  control  binding.  NT  binding  to  the  cell  surface  is  shown  as  the 
difference  between  total  and  internal  binding.  Data  (mean±SEM)  were  from  2 
experiments. 


PLC  from  Gq-coupled  receptors;  (b)  an  inhibition  of  PLC 
activity  due  to  decreased  levels  of  substrate  PIP2;  and  (c)  some 
other  effects.  If  the  altered  binding  and  IP  formation  were  due  to 
a  single  effect,  then  one  might  propose  that  there  was  a  general 
effect  on  G  protein  receptor  coupling  to  PLC,  which  gave  rise  to 
a  unique  binding  response  for  NTS  1 .  Alternatively,  there  could 
be  two  effectsf^gne  involving  a  general  inhibition  of  IP 
formation  in  response  to  Gq-coupled  agonists;  and  the  other 
involving  a  specific  enhancement  of  NT  binding.  However,  it 
seemed  likely  that  these  two  effects  were  coupled  in  some  way, 
given  that  they  were  strongly  correlated. 

3.4.  Metabolic  inhibitors  decreased  cellular  ATP  levels 


Incubation  of  PC3  cells  with  metabolic  inhibitors  caused  a 
decrease  in  cellular  ATP  levels  that  occurred  within  the  40  min 
over  which  the  changes  in  NT  binding  and  IP  formation  were 
seen  (Fig.  4A).  The  effects  of  2-DG  on  ATP  levels  were  dose- 
related  and  its  potency  was  enhanced  =  5-fold  in  the  absence  of 
glucose  (Fig.  2C).  Increasing  doses  of  2-DG  decreased  cellular 


Fig.  8.  Binding  displacement  curves  (A)  and  Scatchard  plots  (B)  for  NT  binding 
to  PC3  cells  in  the  presence  and  absence  of  mxyothiazole  (10  pM),  rotenone 
(30  pM)  and  CCCP  (20  pM).  (A)  Log  dose-response  plots  show  displacement 
of  specific  125I-NT  binding  by  NT  in  which  NT  binding  was  expressed  as  % 
control.  The  inhibitors  shifted  the  curves  to  the  left.  Data  were  from  a  typical 
experiment  that  was  repeated.  (B)  Scatchard  plots  for  a  typical  experiment 
showing  that  myxothiazole  (10  pM)  and  rotenone  (30  pM)  increased  NT 
binding  affinity  without  much  effect  on  NT  receptor  number. 
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t3.1  Table  3 

t3.2  Effects  of  metabolic  inhibitors  on  NT  binding  parameters  in  PC3  cells 


t3.3 

Agent a 

Doseb  (|xM) 

Bmaxc  (fmol/mg) 

Ki  for  NTC  (nM) 

t3.4 

Control 

158±6 

1.05  ±0.08 

t3.5 

Myxothiazole 

10 

156±11 

0.54±0.06* 

t3.6 

Rotenone 

30 

162±8 

0.54±0.05  * 

t3.7 

CCCP 

20 

1 55  =h  12 

0.39±0.06** 

a  PC3  cells  were  pretreated  10  min  with  the  agents  or  vehicle  control,  12u-NT 
(105  cpm,  50  pM)  was  added  and  specific  binding  was  measured  for  30  min  at 
t3.8  37  °C. 

t3.9  b  The  doses  used  were  those  that  increased  NT  binding  =  2-fold  (Fig.  3). 

c  Scatchard  analyses  were  performed  using  10  concentrations  of  NT  and 
results  for  Bmax  and  Ki  (mean±SEM)  were  obtained  in  3  experiments  for  each 
t3.10  agent. 

t3.11  *  Result  was  significantly  different  from  control  (p<0.05). 
t3.12  **  Result  was  significantly  different  from  control  (p<0.01). 


402  increase  in  NT  binding  correlated  (r2  =  0.94)  to  the  IC50  for  the 

403  decrease  in  ATP  (Fig.  5B).  These  results  suggested  that  the  fall  in 

404  cellular  ATP  might  possibly  have  caused  the  rise  in  NT  binding. 

405  On  the  other  hand,  a  dose  of  CCCP  that  decreased  ATP  by  35% 

406  increased  NT  binding  by  140%  (Fig.  5A).  This  finding  suggested 

407  that  NT  binding  was  not  only  a  function  of  mitochondrial  ATP 

408  production  but  also  might  have  depended  on  the  mitochondrial 

409  membrane  potential  which  would  be  strongly  affected  by  CCCP 

410  [47]. 

411  3.5.  NT  binding  required  some  ATP 

412  Having  shown  that  blocking  either  glycolysis  or  mitocho 

413  drial  oxidative  phosphorylation  increased  NT  binding,  we  next 

414  determined  the  outcome  of  inhibiting  both  metabolic  pathways. 

415  This  was  done  by  comparing  the  effects  of  mitochondrial 

416  blockers  on  NT  binding  in  the  presence  and  absence  of  glucose, 

417  using  doses  of  each  agent  that  fell  in  the  middle  of  the  dose- 

418  response  curve  (Fig.  3  A  and  B).  The  results  in  Fig.  6 A  show  that 

419  mitochondrial  inhibitors  decreased  NT  binding  to  cells  that  had 

420  been  withdrawn  from  glucose,  whereas  they  increased  NT 

421  binding  to  cells  in  the  presence  of  glucose.  This  was  likely  due 

422  to  the  associated  dramatic  fall  in  cellular  ATP  levels  that 

423  resulted  from  the  concomitant  inhibition  of  glycolysis  and 

424  mitochondrial  oxidative  phosphorylation  (Fig.  6B).  As  might 

425  have  been  predicted  from  the  striking  effect  on  NT  binding,  the 

426  withdrawal  of  glucose  greatly  enhanced  the  inhibitory  effects  of 

427  mitochondrial  blockers  on  NT-induced  IP  formation  (Fig.  6C). 

428  Since  receptor-mediated  endocytosis  normally  accounts  for 

429  the  majority  of  NT  binding  to  PC3  cells  [49]  and  since  ATP  is 

430  required  for  this  process  [53],  we  determined  the  percentage  of 

431  NT  binding  that  was  internalized  by  the  cells  under  these 

432  conditions.  This  was  done  by  comparing  the  effects  of 

433  mitochondrial  blockers  on  NT  internalization  in  the  presence 

434  and  absence  of  glucose,  using  doses  of  each  agent  that  fell  in  the 

435  middle  of  the  dose-response  curve  (Fig.  3  A  and  B).  The  results 

436  in  Fig.  7 A  show  that,  in  the  presence  of  glucose,  internalization 

437  as  a  percentage  of  total  NT  binding  was  similar  for  control  cells 

438  (61  ±3%)  and  cells  incubated  with  mitochondrial  inhibitors 

439  (range,  58-62%).  Also  note  that  NT  binding  to  the  cell  surface 


and  the  internalization  of  NT  were  both  increased  by 
mitochondrial  inhibitors  (Fig.  7A).  In  contrast,  in  the  absence 
of  glucose,  internalization  represented  57 ±3%  of  total  NT 
binding  for  control  cells  but  only  5-8%  for  cells  incubated  with 
mitochondrial  inhibitors  (Fig.  7B).  However,  NT  binding  to  the 
cell  surface  (Fig.  7B,  total  minus  internal)  was  still  increased  by 
the  inhibitors,  even  though  NT  internalization  was  dramatically 
reduced. 

These  results  indicate  that  mil 
20-100%  control)  enhanc 
metabolic  stress  (ATP  lev 
binding.  Whereas  mild 
binding  to  the  cell 
metabolic  stress  increased  NT  b 
dramatically  redu 
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ding,  while  severe 
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internalization,  severe 
ing  to  the  cell  surface  while 
;ation. 


7  number 


In  order  to  determine  if  the  metabolic  inhibitors  altered  NT 
binding  by  changing  receptor  affinity  or  receptor  number,  we 
tested  their  effects  on  the  NT  displacement  curve,  using  doses  of 
each  agent  tlmt  elevated  NT  binding  =  2-fold  (Fig.  3 A  and  B). 
The  results  in  Fig.  8 A  show  that  metabolic  inhibitors  increased 
the  steepness  of  the  NT  displacement  curve.  When  NT 
displacement  data  were  expressed  as  %  maximal  binding,  the 
curves  were  generally  shifted  to  the  left  by  a  factor  of  2  to  3  in 
the  presence  of  the  inhibitor  (e.g.,  Fig.  8 A).  Scatchard  analyses 
indicated  that  the  receptor  affinity  was  increased,  without  a 
change  in  the  receptor  number  (e.g.,  Fig.  8B).  The  results 
summarized  in  Table  3  show  that  the  shift  in  NT  binding  affinity 
was  a  general  property  for  this  set  of  inhibitors.  These  results 
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Table  4 

Effects  of  metabolic  inhibitors 
receptors 

on  PC  3  cell  binding  for  bombesin  and  EGF 

t4.1 

t4.2 

Agent 

Dosea 

Specific  binding  (%  control)13 

t4.3 

Bombesin  receptor  c 

EGF  receptor  d 

t4.4 

2-DG 

1  mM 

107±5 

101  ±4 

t4.5 

4  mM 

108±3 

96±5 

t4.6 

Antimycin  A 

10  pM 

112±5 

93±6 

t4.7 

40  pM 

121  ±4  * 

85±5  ** 

t4.8 

CCCP 

10  pM 

110±3  ** 

77±2  * 

t4.9 

40  pM 

102±6** 

62±3* 

t4.10 

Oligomycin 

10  pM 

100±5 

75±3  * 

t4.11 

40  pM 

102±6 

62±3* 

t4.12 

Rotenone 

10  pM 

104±5 

71  ±3  * 

t4.13 

40  pM 

116±3  ** 

54±2* 

t4.14 

Myxothiazole 

10  pM 

114±2  * 

80±  1  * 

t4.15 

40  pM 

120±2* 

76±4* 

t4.16 

a  The  doses  used  were  those  that  effectively  increased  NT  binding  (Figs.  2  and  3). 

t4.17 

b  Specific  binding  of  each  125I-ligand  (105  cpm/ml)  was  measured  in  PC3  cells 
using  conditions  identical  to  those  for  NT  binding:  equilibrium  at  37  °C  for 
30  min.  Binding  was  expressed  as  %  control  (mean±SEM)  for  at  least  3 
independent  experiments. 

c  The  ligand,  125I-[Nle14]-bombesin,  gave  1016±64  fmol/mg  binding  at 
105  cpm/ml. 

d  The  ligand,  125I-EGF,  gave  151  ±11  fmol/mg  binding  at  105  cpm/ml. 

*  Result  was  significantly  different  from  control  (p<0.01). 

**  Result  was  significantly  different  from  control  (p<  0.05). 


t4.18 

t4.19 

t4.20 

t4.21 

t4.22 
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3.8.  Cell  specificity  486 

To  determine  if  the  effects  of  metabolic  inhibitors  were  487 
specific  to  PC3  cells,  we  assessed  the  effects  of  2-DG  and  488 
antimycin  A  on  NT  binding  to  another  prostate  cancer  cell  line  489 
LNCaPcs.  The  level  of  NT  receptor  expression  in  LNCaPcs  490 
(3  cpm/pg)  was  less  than  that  in  PC3  (18  cpm/pg).  In  the  491 

£  + 


Fig.  9.  Metabolic  inhibitors  stimulated  phosphorylation  of  AMPK  (A)  and  this 
response  was  enhanced  in  the  absence  of  glucose  (B).  In  (A),  quiescent  cells 
were  equilibrated  with  Locke  for  5  min  and  then  treated  with  control  (0.5% 
DMSO),  AICAR  (3  mM),  antimycin  A  (30  pM)  or  oligomycin  (50  pM)  for 
60  min.  The  relative  densities  for  the  pERK  signals  were  plotted  in  the  bar  graph 
(mean  ±  range,  n  =  2).  In  (B),  quiescent  cells  were  equilibrated  with  Locke  od 
Locke  minus  glucose  for  5  min.  Then,  they  were  treated  with  control  (0.5% 
DMSO),  myxothiazole  (50  pM),  rotenone  (50  pM),  2-DG  (5  mM),  antimycin-A 
(30  pM)  or  CCCP  (20  pM)  for  60  min.  Cell  lysates  with  equal  protein  content 
were  subjected  to  western  blotting  using  phospho-specific  and  enzyme-specific 
antibodies  to  AMPK. 


469  were  consistent  with  the  hypothesis  that  mild  metabolic  stress 

470  increased  NT  binding  by  shifting  NTS1  to  a  higher  affinity 

471  state,  not  by  increasing  the  number  of  receptors  at  the  cell 

472  surface. 

473  3.7.  Receptor  specificity 

474  To  determine  if  these  effects  were  specific  to  NTS1,  we 

475  tested  metabolic  inhibitors  for  effects  on  PC3  cell  binding  of 

476  ligands  for  other  receptors  using  assays  validated  by  us  [49]. 

477  Table  4  shows  that  2-DG,  antimycin  A,  CCCP,  oligomycin, 

478  rotenone  and  myxothiazole  did  not  greatly  enhance  ligand 

479  binding  to  bombesin  and  EGF  receptors.  Although  4  of  the  6 

480  inhibitors  tested  increased  bombesin  binding  slightly 

481  (<20%),  EGF  binding  was  actually  decreased  by  these 

482  agents.  These  results  show  that  the  robust  elevation  in  cell 

483  binding  caused  by  these  metabolic  inhibitors  was  specific  to 

484  NTS1,  although  smaller  elevations  also  occurred  for  the 

485  bombesin  receptor. 
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Fig.  10.  Treatment  of  PC3  cells  with  AICAR  increased  ATP  levels  and  decreased 
NT  binding  (A),  and  reversed  the  effects  of  mitochondrial  inhibitors  on  cellular 
ATP  (B)  and  on  cellular  NT  binding  (C).  In  (A),  PC3  cells  were  preincubated  in 
Locke  with  indicated  concentrations  of  AICAR  for  15  min.  Then,  125I-NT 
(105  cpm/ml)  was  added  and  after  30  min,  NT  binding  and  cellular  ATP  levels 
were  measured.  In  (B)  and  (C),  PC3  cells  were  preincubated  with  indicated 
concentrations  of  AICAR  for  15  min.  Then,  mitochondrial  inhibitors  were 
added:  control  (0.1%  DMSO),  myxothiazole  (4  pM),  antimycin  A  (8  pM)  or 
rotenone  (16  pM).  Then,  125I-NT  (105  cpm/ml)  was  added  and  after  30  min,  NT 
binding  and  ATP  levels  were  measured.  Data  (mean±SEM,  n  =  3)  were  from  at 
least  2  experiments.  *Result  was  significantly  different  from  corresponding 
control  (/?<0.05).  **Result  was  significantly  different  from  corresponding 
control  (p<0.01). 
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presence  of  2  mM  2-DG,  specific  NT  binding  expressed  as  % 
control  was  (mean±SEM,  n  =  3  experiments):  PC3  (128 ±7) 
and  LNCaPcs  (119  ±6).  For  60  pM  antimycin  A,  specific  NT 
binding  was:  PC3  (201  ±11)  and  LNCaPcs  (183  ±8).  These 
results  indicate  that  2-DG  and  antimycin  A  enhanced  NT 
binding  similarly  in  these  cancer  cell  lines. 

3.9.  Possible  involvement  of  AMP K 

Metabolic  stress  has  been  shown  to  activate  AMPK  in 
many  cell  systems,  and  this  has  been  associated  with  a 
recruitment  of  glucose  transporters  [54],  a  stimulation  of 
energy-producing  processes  [55,56],  and  an  inhibition  of 
energy-consuming  processes  [3].  Thus,  we  hypothesized  that 
AMPK  would  be  activated  by  treatment  of  PC3  cells  with 
metabolic  inhibitors  and  that  its  activation  would  oppose  the 
effects  of  metabolic  stress.  To  address  this  issue,  we  compared 
the  effects  of  metabolic  inhibitors  (used  at  doses  that 
maximally  enhanced  NT  binding)  with  the  effect  of  a 
maximal  dose  of  AICAR  (3  mM)  on  the  activation  of 
AMPK  in  PC3  cells.  The  results  in  Fig.  9 A  show  that 
phosphorylation  of  AMPK  was  stimulated  to  a  similar  extent 
by  antimycin  A  and  oligomycin  as  it  was  by  the  positive 
control  AICAR.  We  also  demonstrated  that  the  responsive¬ 
ness  of  the  cells  to  myxothiazole,  rotenone,  2-DG,  antimycin 
A  and  CCCP  was  enhanced  in  the  absence  of  glucose 
(Fig.  9B).  These  results  were  consistent  with  our  finding  that 
the  decrease  in  cellular  ATP  levels  induced  by  the 
mitochondrial  inhibitors  was  dramatically  enhanced  by  the 
withdrawal  of  glucose  (Fig.  6B). 

Having  shown  that  AMPK  was  activated  in  response  to 
metabolic  inhibitors,  we  then  determined  the  effects  of  AMPK 
activator  AICAR  on  cellular  ATP  levels  and  NTS1  function. 
Since  AMPK  generally  opposes  metabolic  stress,  we  predicted 
that  AICAR  would  elevate  cellular  ATP  levels  and  this  would 
lead  to  a  decrease  in  NT  binding.  As  shown  in  Fig.  10A, 
treatment  of  PC3  cells  with  less  than  maximal  doses  of  AICAR 
(0.004-2.5  mM)  elevated  cellular  ATP  levels  and  decreased  NT 
binding.  In  addition,  pretreatment  of  cells  with  doses  of  AICAR 
(0.2  and  0.6  mM)  shown  to  elevate  ATP  not  only  reversed  the 
effects  of  myxothiazole  (4  pM),  antimycin  A  (8  pM)  and 
rotenone  (16  pM)  on  cellular  ATP  levels  (Fig.  10B),  but  also 
reversed  the  effects  of  these  inhibitors  on  cellular  NT  binding 
(Fig.  10C).  Thus,  the  effects  of  AICAR  on  cellular  ATP  levels 
and  also  on  NTS1  function  were  opposite  to  those  seen  in 
response  to  the  metabolic  inhibitors. 

4.  Discussion 

Our  results  demonstrate  that  metabolic  stress,  induced  by 
inhibiting  glycolysis  or  mitochondrial  oxidative  phosphoryla¬ 
tion,  influenced  NTS1  function  in  PC3  cells  as  indicated  by  the 
effects  on  NT  binding,  NT-induced  IP  formation  and  NT- 
induced  growth  responses.  Interestingly,  work  by  Fi  et  al.  has 
shown  that  acute  as  well  as  chronic  inhibition  of  mitochondrial 
function  suppressed  NT  secretion  in  the  endocrine  BON  cell 
line  [57].  Taken  together,  these  findings  suggest  that  NT  release 


and  NT  receptor  function  both  require  the  production  of  ATP, 
and  this  could  provide  a  mechanism  for  coordinating  NT- 
induced  growth  effects  to  the  cellular  energy  status. 

In  PC3  cells,  some  of  this  regulation  appeared  to  be  at  the 
level  of  NTS  1,  since  NT  binding  was  altered  within  minutes  by 
the  metabolic  inhibitors  and  since  the  changes  in  NT  binding 
were  correlated  to  the  fall  in  cellular  ATP  levels.  In  keeping  with 
this  was  the  finding  that  the  growth  responses  to  NT  were  more 
sensitive  to  the  effects  of  2-DG  and  CCCP  than  were  the  growth 
responses  to  EGF,  despite  the  involvement  of  the  same 
downstream  signaling  mediators.  The  evidence  also  pointed 
towards  some  regulation  that  might  have  occurred  at  the  level  of 
phosphoinositide  metabolism,  since  metabolic  stress  not  only 
inhibited  IP  formation  in  response  to  NT  but  also  that  in 
response  to  bombesin  and  ATP,  which  are  agonists  for  other  Gq- 
coupled  receptors.  However,  this  non-selectivity  might  also  be 
attributed  to  a  general  effect  on  Gq-coupled  receptor  function 
(e.g.,  an  uncoupling  from  PFC  or  an  inhibition  of  GTP 
exchange). 

Consistent  with  its  role  to  oppose  metabolic  stress,  AMPK 
was  activated  in  response  to  treatment  of  the  cells  with 
metabolic  inhibitors.  Accordingly,  the  AMPK  activator 
AICAR  elevated  cellular  ATP  levels  and  produced  effects  on 
NTS1  function  that  were  opposite  to  those  for  the  metabolic 
inhibitors.  Since  AICAR  has  been  shown  to  promote  glucose 
uptake  [58]  and  to  stimulate  glycogenolysis  [56]  and  fatty  acid 
oxidation  [55],  these  effects  might  possibly  explain  our  finding 
that  AICAR  rapidly  elevated  ATP  levels  in  PC3  cells. 
Nevertheless,  our  results  demonstrate  a  consistent  relationship 
between  NTS  1  function  and  the  AICAR-induced  rise  in  cellular 
ATP  levels,  as  well  as  the  stress-induced  fall  in  cellular  ATP.  In 
total,  these  findings  are  compatible  with  the  idea  that  NTS1 
function  is  sensitive  to  metabolism. 

Moderate  levels  of  metabolic  stress  (cellular  ATP  levels  20- 
100%  control),  induced  by  inhibiting  glycolysis  or  mitochon¬ 
drial  oxidative  phosphorylation,  rapidly  enhanced  NT  binding 
by  an  effect  that  involved  an  increase  in  receptor  affinity 
without  a  change  in  receptor  number  or  a  change  in  the 
percentage  of  receptor  internalization.  For  each  glycolytic  or 
mitochondrial  inhibitor,  there  was  a  dose-dependent  correlation 
between  the  decrease  in  cellular  ATP  levels  and  the  increase  in 
NT  binding.  For  eight  of  the  nine  inhibitors,  the  IC50  for  the 
effect  on  ATP  correlated  to  the  EC 50  for  the  effect  on  NT 
binding.  Although  this  suggested  that  the  drop  in  ATP  level 
might  have  induced  the  change  in  NT  binding,  it  was  still 
possible  that  these  were  strongly  coupled  epi-phenomena.  One 
of  the  inhibitors,  CCCP,  altered  NT  binding  more  than  could  be 
explained  simply  by  the  change  in  cellular  ATP.  This  suggested 
that  NT  binding  was  not  only  sensitive  to  cellular  ATP  levels  but 
could  also  be  affected  by  changes  in  the  mitochondrial 
membrane  potential  [47].  Indeed,  our  prior  work  has  shown 
that  aromatic  antioxidants  such  as  dihydropyridines  [49]  and 
polyphenols  [52],  which  have  the  potential  to  disrupt  membrane 
potentials  [59,60],  mimicked  the  effects  seen  here  with  CCCP. 

Severe  metabolic  stress  (cellular  ATP  levels  <20%  control), 
induced  by  inhibiting  glycolysis  and  mitochondrial  oxidative 
phosphorylation  concurrently,  decreased  total  cellular  NT 
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binding  by  an  effect  that  involved  an  inhibition  of  receptor 
internalization.  Under  these  conditions,  NT  binding  to  the  cell 
surface  was  elevated,  in  keeping  with  the  increased  receptor 
affinity,  but  receptor  internalization  was  inhibited  by  >90%. 
These  findings  are  consistent  with  the  fact  that  receptor- 
mediated  endocytosis  has  a  general  requirement  for  ATP  [53]. 
When  cellular  levels  of  ATP  fall  to  <20%  control,  this 
represents  a  major  metabolic  crisis  that  in  other  cells  has  been 
shown  to  induce  apoptosis  and/or  necrosis  [31].  In  line  with 
this,  our  results  indicate  that,  under  these  conditions,  the  ability 
of  NTS  1  to  promote  IP  formation  was  severely  inhibited.  These 
findings  are  in  accord  with  those  of  Navarro  et  al.,  who  showed 
that  internalization  of  NTS1  was  required  for  NT-induced 
growth  signaling  in  HT-29  cells  [61]. 

In  addition  to  altering  NTS1  binding,  metabolic  blockers 
inhibited  NT-induced  IP  formation.  For  each  metabolic  blocker, 
the  increase  in  NT  binding  was  associated  with  a  parallel 
inhibition  of  NT-induced  IP  formation,  and  for  eight  of  the  nine 
agents,  the  dmg  potencies  in  these  two  assays  were  correlated. 
Although  this  suggests  that  these  two  effects  were  linked,  they 
could  also  be  independent  effects  that  exhibited  similar  drug 
dependencies.  The  latter  idea  is  supported  by  the  fact  that  the 
dramatic  effects  on  binding  were  seemingly  specific  to  NTS1, 
whereas  the  effects  on  IP  formation  were  more  general  (responses 
to  bombesin,  ATP  and  NT  were  inhibited).  Metabolic  stress  could 
have  exerted  a  generalized  inhibitory  effect  on  IP  formation  m 
several  ways.  It  could  have  diminished  the  levels  of  PLC  substrate 
PIP2  by  inhibiting  the  ATP-dependent  kinase  reactions  involved 
in  its  synthesis.  However,  metabolic  stress  inhibited  IP  formation 
under  conditions  where  the  estimated  cellular  ATP  concentration 
did  not  fall  to  less  than  1  mM,  which  is  about  50  times  the  Km’s 
reported  for  these  enzymes  [62].  Alternatively,  metabolic  stress 
might  have  had  a  general  effect  on  Gq-coupled  receptor  systems 
(e.g.,  uncoupling  PLC  or  inhibiting  GTP  exchange).  Assuming 
that  this  latter  possibility  holds,  then  one  might  explain  the 
apparent  specificity  of  the  effect  on  NT  binding  by  postulating 
that  the  uncoupled  state  of  NTS  1  was  unique  in  displaying  a 
greatly  enhanced  affinity  for  its  ligand.  Further  support  derives 
from  our  finding  that  metabolic  stress  elevated  bombesin  binding, 
albeit  to  a  lesser  degree  than  NT  binding. 

At  first  glance,  enhanced  receptor  binding  in  the  face  of 
inhibited  receptor  function  would  seem  unusual.  However,  there 
is  precedence  for  this  kind  of  behavior  in  that  tyrosine  kinase 
inhibitors  were  shown  to  shift  the  EGF  receptor  to  a  dimer  state 
that  exhibited  a  greatly  enhanced  ability  to  bind  EGF  and  a 
diminished  tyrosine  phosphorylation  activity  [63].  Since  NTS1 
can  hetero dimerize  with  NTS3  in  some  cells,  decreasing  the 
ability  of  NT  to  stimulate  IP  formation  [64],  it  might  be 
worthwhile  to  examine  the  effects  of  metabolic  inhibitors  on  the 
interaction  of  NTS  1  with  NTS3  in  PC3  cells. 

The  events  that  link  metabolic  stress  to  the  alterations  in  NTS1 
function  have  not  yet  been  identified.  AMPK,  a  metabolic  sensor 
of  the  AMP  to  ATP  ratio  [65],  which  has  been  implicated  in  the 
regulation  of  glucose  and  lipid  metabolism  in  response  to 
metabolic  stress  [54,66,67],  came  to  mind  as  a  likely  participant. 
Although  in  the  current  study  we  showed  that  AMPK  was 
phosphorylated  during  treatment  of  PC3  cells  with  metabolic 


inhibitors,  it  is  not  yet  known  if  AMPK  has  a  direct  role  in 
regulating  NTS1  function.  AMPK  can  be  activated  in  an  allosteric 
manner  by  increasing  levels  of  cellular  AMP  [35]  and  also  by 
phosphorylation  within  its  activation  loop  by  AMPK  kinases  [68]. 
AICAR  becomes  an  AMPK  activator  after  its  intracellular 
phosphorylation  to  form  the  AMP  mimetic  ZMP  [65].  Here,  we 
found  that  3  mM  AICAR  stimulated  the  phosphorylation  of 
AMPK  in  PC3  cells,  which  agrees  with  Rattan  et  al.,  who  showed 
AMPK  activation  by  0.1-2  mM  AICAR  [4].  Consistent  with  the 
role  of  AMPK  in  opposing  metabolic  stress,  we  found  that  the 
effects  of  AICAR  were  opposite  to  those  of  metabolic  inhibitors. 
Thus,  at  doses  in  the  range  of  0.04  to  2.5  mM,  AICAR  elevated 
cellular  ATP  levels  and  inhibited  NT  binding.  We  also  found  that 
AICAR  reversed  the  effects  of  myxothiazole,  antimycin  A  and 
rotenone  on  cellular  ATP  levels  and  on  NT  binding.  Our  findings 
suggest  that  the  short-term  effects  of  AICAR  in  PC3  cells  were 
protective  against  stress,  whicfifis  consistent  with  the  work  of 
Buzzai  et  al.  who  showed  that  AICAR  reversed  the  sensitivity  of 
glioblastoma  cells  to  glucose  deprivation  [30]. 

Because  of  its  devastating  effects  in  PC  patients,  the 
transition  to  androgen  independence  is  a  key  process  that  is  of 
great  interest  to  physicians  and  scientists.  Recently,  Higuchi 
et  al.  found  that  by  depleting  mitochondrial  DNA,  they  could 
generate  LNCaP  clones  that  displayed  diminished  mitochon¬ 
drial  respiration  along  with  enhanced  androgen  independence 
and  tumorigenicity  [25].  These  effects  were  reversed  by 
reconstituting  the  mitochondrial  DNA,  and  the  authors 
concluded  that  androgen  independence  and  mitochondrial 
function  were  closely  associated.  Mutations  in  mitochondrial 
DNA  are  common  in  PC  and  investigators  have  speculated  that 
they  might  contribute  to  tumor  susceptibility  [69].  The  leading 
explanations  for  a  link  between  mitochondrial  loss  of  function 
and  tumorigenesis  include  (a)  the  attendant  increase  in 
glycolysis  leads  to  upregulation  of  growth  regulators;  (b)  the 
metabolic  stress  leads  to  induction  of  hypoxia  inducible  factor 
under  normoxic  conditions;  and  (c)  the  metabolic  stress  alters 
the  production  of  mitogenic  reactive  oxygen  species.  Whatever 
the  explanation,  it  is  clear  that  the  state  of  the  metabolic 
pathways  utilized  by  PC  cell  lines  can  markedly  influence  the 
growth  and  tumorigenicity  of  the  cells. 

The  present  findings  indicate  that  PC3  cells  utilize  both 
glycolytic  and  mitochondrial  pathways  to  maintain  their  ATP 
levels.  Whereas  inhibition  of  either  pathway  could  only  reduce 
cellular  ATP  by  about  70%,  inhibition  of  both  pathways 
lowered  ATP  by  more  than  90%.  NT  binding,  NT-induced  IP 
formation  and  growth  signaling  were  all  sensitive  to  the  ATP- 
lowering  effects  of  metabolic  inhibitors.  Accordingly,  the 
inhibition  of  NT-induced  IP  formation  by  myxothiazole  or 
CCCP  was  strongly  potentiated  by  the  withdrawal  of  glucose. 
These  results  suggest  that  combination  therapy  using  glycolytic 
and  mitochondrial  inhibitors  might  provide  an  effective  means 
of  suppressing  the  growth  of  PC  in  vitro  and  in  vivo. 

5.  Conclusions 

This  study  shows  that  NT-induced  growth  signaling  in  PC3 
cells  is  sensitive  to  metabolic  stress,  and  that  this  regulation 
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occurs  under  conditions  that  decrease  cellular  ATP  levels  in 
parallel  with  changes  in  cellular  NT  binding  and  NT-induced  IP 
formation.  Thus,  the  cellular  energy  status  appears  to  influence 
NTS  1 -mediated  mitogenic  signaling  by  altering  the  ability  of 
NTS1  to  stimulate  IP  formation,  an  effect  that  could  involve 
modulation  of  the  receptor  state  (e.g.,  uncoupling  G  protein  and / 
or  PLC)  or  modulation  of  the  levels  of  PLC  substrate  PIP2. 

Acknowledgements 

This  work  was  supported  by  grant  PC051202  from  the 
Department  of  Defense  (DOD)  as  well  as  an  award  from  the 
Prostate  Cancer  Foundation  (PCF),  although  the  opinions 
expressed  are  not  necessarily  those  of  the  DOD  and  the  PCF. 

References 

[1]  Fryer  LG,  Parbu-Patel  A,  Carling  D.  The  anti-diabetic  drugs  rosiglitazone 
and  metformin  stimulate  AMP-activated  protein  kinase  through  distinct 
signaling  pathways.  J  Biol  Chem  2002;277(28):25226-32. 

[2]  Hardie  DG,  Scott  JW,  Pan  DA,  Hudson  ER.  Management  of  cellular 
energy  by  the  AMP-activated  protein  kinase  system.  FEBS  Lett  2003 ;546 
(1):  1 13—20. 

[3]  Swinnen  JV,  Beckers  A,  Brusselmans  K,  Organe  S,  Segers  J,  Timmermans 
L,  Vanderhoydonc  F,  Deboel  L,  Derua  R,  Waelkens  E,  De  Schrijver  E,  Van 
de  Sande  T,  Noel  A,  Foufelle  F,  Verhoeven  G.  Mimicry  of  a  cellular  low 
energy  status  blocks  tumor  cell  anabolism  and  suppresses  the  malignant 
phenotype.  Cancer  Res  2005;65(6):2441-8. 

[4]  Rattan  R,  Giri  S,  Singh  AK,  Singh  I.  5-Aminoimidazole-4-carboxamide-l- 
beta-D-ribofuranoside  inhibits  cancer  cell  proliferation  in  vitro  and  in  vivo 
via  AMP-activated  protein  kinase.  J  Biol  Chem  2005;280(47):39582-93. 

[5]  Hassan  S,  Carraway  RE.  Involvement  of  arachidonic  acid  metabolism  and 
EGF  receptor  in  neurotensin-induced  prostate  cancer  PC3  cell  growth. 
Regul  Pept  2006;  133(1-3):  105-14. 

[6]  Hassan  S,  Dobner  PR,  Carraway  RE.  Involvement  of  MAP-kinase,  PI3- 
kinase  and  EGF -receptor  in  the  stimulatory  effect  of  neurotensin  on  DNA 
synthesis  in  PC3  cells.  Regul  Pept  2004;  120(1— 3):  1 55— 66. 

[7]  Vincent  JP,  Mazella  J,  Kitabgi  P.  Neurotensin  and  neurotensin  receptors. 
Trends  Pharmacol  Sci  1  999;20(7):^^-^n^ 

[8]  Wood  JG,  Hoang  HD,  Bussjaeger  LJ,  Solomon  TE.  Neurotensin  stimulates 
growth  of  small  intestine  in  rats.  Am  J  Physiol  1988;255(6  Pt  l):G813-7. 

[9]  Hasegawa  K,  Kar  S,  Carr  BI.  Stimulation  of  hepatocyte  DNA  synthesis  by 
neurotensin.  J  Cell  Physiol  1 994;  158(2):21 5-22. 

[10]  Evers  BM.  Neurotensin  and  growth  of  normal  and  neoplastic  tissues. 
Peptides  2006:27. 

[11]  Reubi  JC,  Waser  B,  Schaer  JC,  Laissue  JA.  Neurotensin  receptors  in 
human  neoplasms:  high  incidence  in  Ewing’s  sarcomas.  Int  J  Cancer 
1999;82(2):213-8^^ 

[12]  Elek  J,  Pinzon  W,  Park  KH,  Narayanan  R.  Relevant  genomics  of 
neurotensin  receptor  in  cancer.  Anticancer  Res  2000;20(lA):53-8. 

[13]  Moody  TW,  Chiles  J,  Casibang  M,  Moody  E,  Chan  D,  Davis  TP.  SR48692 
is  a  neurotensin  receptor  antagonist  which  inhibits  the  growth  of  small  cell 
lung  cancer  cells.  Peptides  2001  ;22(1):  109— 15. 

[14]  Davis  TP,  Burgess  HS,  Crowell  S,  Moody  TW,  Culling-Berglund  A,  Liu 
RH.  Beta-endorphin  and  neurotensin  stimulate  in  vitro  clonal  growth  of 
human  SCLC  cells.  Eur  J  Pharmacol  1989;161(2-3):283-5. 

[15]  Ishizuka  J,  Townsend  Jr  CM,  Thompson  JC.  Neurotensin  regulates  growth 
of  human  pancreatic  cancer.  Ann  Surg  1993;217(5):439-45  [discussion 
446]. 

[16]  Guha  S,  Lunn  JA,  Santiskulvong  C,  Rozengurt  E.  Neurotensin  stimulates 
protein  kinase  C-dependent  mitogenic  signaling  in  human  pancreatic 
carcinoma  cell  line  PANC-1.  Cancer  Res  2003;63(10):2379-87. 

[17]  Poinot-Chazel  C,  Portier  M,  Bouaboula  M,  Vita  N,  Pecceu  F,  Gully  D, 
Monroe  JG,  Maffrand  JP,  Le  Fur  G,  Casellas  P.  Activation  of  mitogen- 


activated  protein  kinase  couples  neurotensin  receptor  stimulation  to  induction 
of  the  primary  response  gene  Krox-24.  Biochem  J  1996;320(Pt  1):  145-51. 

[18]  Maoret  JJ,  Anini  Y,  Rouyer-Fessard  C,  Gully  D,  Laburthe  M.  Neurotensin 
and  a  non-peptide  neurotensin  receptor  antagonist  control  human  colon 
cancer  cell  growth  in  cell  culture  and  in  cells  xenografted  into  nude  mice. 
Int  J  Cancer  1999;80(3):448-54. 

[19]  Sehgal  I,  Powers  S,  Huntley  B,  Powis  G,  Pittelkow  M,  Maihle  NJ. 
Neurotensin  is  an  autocrine  trophic  factor  stimulated  by  androgen 
withdrawal  in  human  prostate  cancer.  Proc  Natl  Acad  Sci  U  S  A 
1994;91(ll):4673-7. 

[20]  Hursting  SD,  Thomquist  M,  Henderson  MM.  Types  of  dietary  fat  and  the 
incidence  of  cancer  at  five  sites.  Prev  Med  1990;19(3):242-53. 

[21]  Barber  DL,  Cacace  AM,  Raucci  DT,  Ganz  MB.  Fatty  acids  stereospecif- 
ically  stimulate  neurotensin  release  and  increase  [Ca2+]i  in  enteric 
endocrine  cells.  Am  J  Physiol  1991;261(3  Pt  l):G497-503. 

[22]  Rosell  S,  Rokaeus  A.  The  effect  of  ingestion  of  amino  acids,  glucose  and 
fat  on  circulating  neurotensin-like  immunoreactivity  (NTLI)  in  man.  Acta 
Physiol  Scand  1979;107(3):263-7. 

[23]  Carraway  R,  Plona  AM.  Involvement  of  neurotensin  in  cancer  growth: 
evidence,  mechanisms  and  development  of  diagnostic  tools.  Peptides 
2006;27(10):2445-60. 

[24]  Landis  SH,  Murray  T,  Bolden  S,  Wingo  PA.  Cancer  statistics  1999.  CA 
Cancer  J  Clin  1999;49(1):8-31  [1]. 

[25]  Higuchi  M,  Kudo  T,  Suzuki  S,  Evans  TT,  Sasaki  R,  Wada  Y,  Shirakawa  T, 
Sawyer  JR,  Gotoh  A.  Mitochondrial  DNA  determines  androgen 
dependence  in  prostate  cancer  cell  lines.  Oncogene  2006;25(10):  1437-45. 

[26]  Vias  M,  Burtt  G,  Culig  Z,  Veerakumarasivam  A,  Neal  DE,  Mills  IG.  A  role  for 
neurotensin  in  bicalutamide  resistant  prostate  cancer  cells.  Prostate;  2006. 

[27]  Seethalakshmi  L,  Mitra  SP,  Dobner  PR,  Menon  M,  Carraway  RE. 
Neurotensin  receptor  expression  in  prostate  cancer  cell  line  and  growth 
effect  of  NT  at  physiological  concentrations.  Prostate  1997;3 1  (3):  183— 92. 

[28]  Warburg  O.  On  the  origin  of  cancer  cells.  Science  1956;  123 
(3 191):309— 14. 

[29]  Xu  RH,  Pelicano  H,  Zhou  Y,  Carew  JS,  Feng  L,  Bhalla  KN,  Keating  MJ, 
Huang  P.  Inhibition  of  glycolysis  in  cancer  cells:  a  novel  strategy  to 
overcome  drug  resistance  associated  with  mitochondrial  respiratory  defect 
and  hypoxia.  Cancer  Res  2005;65(2):613-21. 

[30]  Buzzai  M,  Bauer  DE,  Jones  RG,  Deberardinis  RJ,  Hatzivassiliou  G, 
Elstrom  RL,  Thompson  CB.  The  glucose  dependence  of  Akt-transformed 
cells  can  be  reversed  by  pharmacologic  activation  of  fatty  acid  beta- 
oxidation.  Oncogene  2005;24(26):4 165-73. 

[31]  Izyumov  DS,  Avetisyan  AV,  Pletjushkina  OY,  Sakharov  DV,  Wirtz  KW, 
Chernyak  BV,  Skulachev  VP.  Wages  of  fear:  transient  threefold  decrease  in 
intracellular  ATP  level  imposes  apoptosis.  Biochim  Biophys  Acta 
2004;  1658(1 -2):  141 -7. 

[32]  Ko  YH,  Smith  BL,  Wang  Y,  Pomper  MG,  Rini  DA,  Torbenson  MS, 
Hullihen  J,  Pedersen  PL.  Advanced  cancers:  eradication  in  all  cases  using 
3-bromopymvate  therapy  to  deplete  ATP.  Biochem  Biophys  Res  Commun 
2004;324(l):269-75. 

[33]  Carling  D.  The  AMP-activated  protein  kinase  cascade — a  unifying  system 
for  energy  control.  Trends  Biochem  Sci  2004;29(1):  18-24. 

[34]  Hardie  DG,  Carling  D.  The  AMP-activated  protein  kinase-fuel  gauge  of 
the  mammalian  cell?  Eur  J  Biochem  1997;246(2):259-73. 

[35]  Kemp  BE,  Stapleton  D,  Campbell  DJ,  Chen  ZP,  Murthy  S,  Walter  M, 
Gupta  A,  Adams  JJ,  Katsis  F,  van  Denderen  B,  Jennings  IG,  Iseli  T, 
Michell  BJ,  Witters  LA.  AMP-activated  protein  kinase,  super  metabolic 
regulator.  Biochem  Soc  Trans  2003;31(Pt  1):  162-8. 

[36]  Stefanelli  C,  Stanic  I,  Bonavita  F,  Flamigni  F,  Pignatti  C,  Guamieri  C, 
Caldarera  CM.  Inhibition  of  glucocorticoid-induced  apoptosis  with 
5-aminoimidazole-4-carboxamide  ribonucleoside,  a  cell-permeable  ac¬ 
tivator  of  AMP-activated  protein  kinase.  Biochem  Biophys  Res  Commun 
1 998;243(3):82 1  —6. 

[37]  Blazquez  C,  Geelen  MJ,  Velasco  G,  Guzman  M.  The  AMP-activated 
protein  kinase  prevents  ceramide  synthesis  de  novo  and  apoptosis  in 
astrocytes.  FEBS  Lett  2001  ;489(2-3):  149-53. 

[38]  Xiang  X,  Saha  AK,  Wen  R,  Ruderman  NB,  Luo  Z.  AMP-activated  protein 
kinase  activators  can  inhibit  the  growth  of  prostate  cancer  cells  by  multiple 
mechanisms.  Biochem  Biophys  Res  Commun  2004;321(1):  161-7. 


Please  cite  this  article  as:  Carraway  RE,  Hassan  S.  Neurotensin  receptor  binding  and  neurotensin-induced  growth  signaling  in  prostate  cancer  PC3  cells  are 
sensitive  to  metabolic  stress.  Regulatoiy  Pept  (2007),  doi:10.1016/j.regpep.2006. 12.027 


842 

843 

844 

845 

846 

847 

848 

849 

850 

851 

852 

853 

854 

855 

856 

857 

858 

859 

860 

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

871 

872 

873 

874 

875 

876 

877 

878 

879 

880 

881 

882 

883 

884 

885 

886 

887 

888 

889 

890 

891 

892 

893 

945 


894 

895 

896 

897 

898 

899 

900 

901 

902 

903 

904 

905 

906 

907 

908 

909 

910 

911 

912 

913 

914 

915 

916 

917 

918 

919 

920 

921 

922 

923 

924 

925 

926 

927 

928 

929 

930 

931 

932 

933 

934 

935 

936 

937 

938 

939 

940 

941 

942 

943 

944 


ARTICLE  IN  PRESS 


14  R.E.  Carraway,  S.  Hassan  /  Regulatory  Peptides  xx  (2007)  xxx-xxx 


[39]  Wu  M,  Ho  SM.  PMP24,  a  gene  identified  by  MSRF,  undergoes  DNA 
hypermethylation-associated  gene  silencing  during  cancer  progression  in 
an  LNCaP  model.  Oncogene  2004;23(l):250-9. 

[40]  Brown  J.  Effects  of  2-deoxyglucose  on  carbohydrate  metabolism:  review 
of  the  literature  and  studies  in  the  rat.  Metabolism  1962;11:1098-112. 

[41]  Singer  TP.  Mitochondrial  electron-transport  inhibitors.  Methods  Enzymol 
1979;55:454-62. 

[42]  Brunmair  B,  Staniek  K,  Gras  F,  Scharf  N,  Althaym  A,  Clara  R,  Roden  M, 
Gnaiger  E,  Nohl  H,  Waldhausl  W,  Fumsinn  C.  Thiazolidinediones,  like 
metformin,  inhibit  respiratory  complex  I:  a  common  mechanism 
contributing  to  their  antidiabetic  actions?  Diabetes  2004;53(4):  1052-9. 

[43]  Shiau  CW,  Yang  CC,  Kulp  SK,  Chen  KF,  Chen  CS,  Huang  JW. 
Thiazolidenediones  mediate  apoptosis  in  prostate  cancer  cells  in  part 
through  inhibition  of  Bcl-xL/Bcl-2  functions  independently  of  PPAR- 
gamma.  Cancer  Res  2005;65(4):  1561-9. 

[44]  Watanabe  J,  Nishiyama  H,  Matsui  Y,  Ito  M,  Kawanishi  H,  Kamoto  T, 
Ogawa  O.  Dicoumarol  potentiates  cisplatin-induced  apoptosis  mediated  by 
c-Jun  N-terminal  kinase  in  p53  wild-type  urogenital  cancer  cell  lines. 
Oncogene  2006;25(17):2500-8. 

[45]  McLennan  HR,  Degli  Esposti  M.  The  contribution  of  mitochondrial 
respiratory  complexes  to  the  production  of  reactive  oxygen  species.  J 
Bioenerg  Biomembr  2000;32(2):  153-62. 

[46]  Boveris  A.  Determination  of  the  production  of  superoxide  radicals  and 
hydrogen  peroxide  in  mitochondria.  Methods  Enzymol  1984;105:429-35. 

[47]  Tirosh  O,  Aronis  A,  Melendez  JA.  Mitochondrial  state  3  to  4  respiration 
transition  during  Fas-mediated  apoptosis  controls  cellular  redox  balance 
and  rate  of  cell  death.  Biochem  Pharmacol  2003;66(8):1331-4. 

[48]  Carraway  RE,  Mitra  SP,  Honeyman  TW.  Effects  of  GTP  analogs  and  metal 
ions  on  the  binding  of  neurotensin  to  porcine  brain  membranes.  Peptides 
1 993;  14(1):37— 45. 

[49]  Carraway  RE,  Gui  X,  Cochrane  DE.  Ca2+  channel  blockers  enhance 
neurotensin  (NT)  binding  and  inhibit  NT-induced  inositol  phosphate 
formation  in  prostate  cancer  PC3  cells.  J  Pharmacol  Exp  Ther  2003 ;307 
(2):640-50. 

[50]  Beaudet  A,  Mazella  J,  Nouel  D,  Chabry  J,  Castel  MN,  Laduron  P,  Kitabgi 
P,  Faure  MP.  Internalization  and  intracellular  mobilization  of  neurotensin 
in  neuronal  cells.  Biochem  Pharmacol  1994;47(l):43-52. 

[51]  Bozou  JC,  Rochet  N,  Magnaldo  I,  Vincent  JP,  Kitabgi  P.  Neurotensin 
stimulates  inositol  trisphosphate-mediated  calcium  mobilization  but  not 
protein  kinase  C  activation  in  HT29  cells.  Involvement  of  a  G-protein. 
Biochem  J  1989;264(3):871-978. 

[52]  Carraway  RE,  Hassan  S,  Cochrane  DE.  Polyphenolic  antioxidants  mimic 
the  effects  of  1 ,4-dihydropyridines  on  neurotensin  receptor  function  in  PC3 
cells.  J  Pharmacol  Exp  Ther  2004;309(1):92-101. 

[53]  Larkin  JM,  Donzell  WC,  Anderson  RG.  Modulation  of  intracellular 
potassium  and  ATP:  effects  on  coated  pit  function  in  fibroblasts  and 
hepatocytes.  J  Cell  Physiol  1985;124(3):^!P§^^ 

[54]  Jing  M,  Ismail-Beigi  F.  Role  of  5 '-AMP-activated  protein  kinase  in 
stimulation  of  glucose  transport  in  response  to  inhibition  of  oxidative 
phosphorylation.  Am  J  Physiol  Cell  Physiol  2006;290(2):C484-91. 

[55]  Kudo  N,  Barr  AJ,  Barr  RL,  Desai  S,  Lopaschuk  GD.  High  rates  of  fatty 
acid  oxidation  during  reperfusion  of  ischemic  hearts  are  associated  with  a 


decrease  in  malonyl-CoA  levels  due  to  an  increase  in  5 '-AMP -activated 
protein  kinase  inhibition  of  acetyl-CoA  carboxylase.  J  Biol  Chem 
1995;270(29):  175 13-20. 

[56]  Young  ME,  Radda  GK,  Leighton  B.  Activation  of  glycogen  phosphorylase 
and  glycogenolysis  in  rat  skeletal  muscle  by  AICAR — an  activator  of 
AMP-activated  protein  kinase.  FEBS  Lett  1996;382(l-2):43-7. 

[57]  Li  N,  Wang  Q,  Li  J,  Wang  X,  Hellmich  MR,  Rajaraman  S,  Greeleyd  Jr  GH, 
Townsend  Jr  CM,  Evers  BM.  Inhibition  of  mitochondrial  gene 
transcription  suppresses  neurotensin  secretion  in  the  human  carcinoid 
cell  line  BON.  Am  J  Physiol  Gastrointest  Liver  Physiol  2005;288(2): 
G2 13-20. 

[58]  Russell  III  RR,  Bergeron  R,  Shulman  GI,  Young  LH.  Translocation  of 
myocardial  GLUT-4  and  increased  glucose  uptake  through  activation  of 
AMPK  by  AICAR.  Am  J  Physiol  1999;277(2  Pt  2):H643-9. 

[59]  Dorta  DJ,  Pigoso  AA,  Mingatto  FE,  Rodrigues  T,  Prado  IM,  Helena  AF, 
Uyemura  SA,  Santos  AC,  Curti  C.  The  interaction  of  flavonoids  with 
mitochondria:  effects  on  energetic  processes.  Chem  Biol  Interact  2005;  152 
(2— 3):67— 78. 

[60]  Triggle  DJ.  The  1 ,4-dihydropyridine  nucleus:  a  pharmacophoric  template 
part  1.  Actions  at  ion  channels.  Mini  Rev  Med  Chem  2003;3(3):215-23. 

[61]  Navarro  V,  Martin  S,  Mazella  J.  Internalization-dependent  regulation  of 
HT29  cell  proliferation  by  neurotensin.  Peptides  2006. 

[62]  Bazenet  CE,  Ruano  AR,  Brockman  JL,  Anderson  RA.  The  human 
erythrocyte  contains  two  forms  of  phosphatidylinositol-4-phosphate 
5-kinase  which  are  differentially  active  toward  membranes.  J  Biol  Chem 
1990;265(29):  18012-22. 

[63]  Lichtner  RB,  Menrad  A,  Sommer  A,  Klar  U,  Schneider  MR.  Signaling- 
inactive  epidermal  growth  factor  receptor/ligand  complexes  in  intact 
carcinoma  cells  by  quinazoline  tyrosine  kinase  inhibitors.  Cancer  Res 
2001  ;61(15):5790— 5. 

[64]  Martin  S,  Navarro  V,  Vincent  JP,  Mazella  J.  Neurotensin  receptor- 1  and-3 
complex  modulates  the  cellular  signaling  of  neurotensin  in  the  HT29  cell 
line.  Gastroenterology  2002;123(4):1135-43. 

[65]  Hardie  DG,  Carling  D,  Carlson  M.  The  AMP-activated/SNFl  protein 
kinase  subfamily:  metabolic  sensors  of  the  eukaryotic  cell?  Annu  Rev 
Biochem  1998;67:821-55. 

[66]  Bergeron  R,  Previs  SF,  Cline  GW,  Perret  P,  Russell  III  RR,  Young  LH, 
Shulman  GI.  Effect  of  5-aminoimidazole-4-carboxamide-l-beta-D-ribofur- 
anoside  infusion  on  in  vivo  glucose  and  lipid  metabolism  in  lean  and  obese 
Zuckerrats.  Diabetes  2001  ;50(5):  1076-82. 

[67]  Abbud  W,  Habinowski  S,  Zhang  JZ,  Kendrew  J,  Elkairi  FS,  Kemp  BE, 
Witters  LA,  Ismail-Beigi  F.  Stimulation  of  AMP-activated  protein  kinase 
(AMPK)  is  associated  with  enhancement  of  Glut  1 -mediated  glucose 
transport.  Arch  Biochem  Biophys  2000;380(2):347-52. 

[68]  Woods  A,  Johnstone  SR,  Dickerson  K,  Leiper  FC,  Fryer  LG,  Neumann  D, 
Schlattner  U,  Wallimann  T,  Carlson  M,  Carling  D.  LKB1  is  the  uptream 
kinase  in  the  AMP-activated  protein  kinase  cascade.  Curr  Biol  2003;  13(22): 
2004-8. 

[69]  Gottlieb  E,  Tomlinson  IP.  Mitochondrial  tumour  suppressors:  a  genetic  and 
biochemical  update.  Nat  Rev  Cancer  2005;5(ll):857-66. 


Please  cite  this  article  as:  Carraway  RE,  Hassan  S.  Neurotensin  receptor  binding  and  neurotensin-induced  growth  signaling  in  prostate  cancer  PC3  cells  are 
sensitive  to  metabolic  stress.  Regulatory  Pept  (2007),  doi:10.1016/j.regpep.2006.12.027 


- \ 

Provided  for  non-commercial  research  and  educational  use  only. 

Not  for  reproduction  or  distribution  or  commercial  use. 

J 


This  article  was  originally  published  in  a  journal  published  by 
Elsevier,  and  the  attached  copy  is  provided  by  Elsevier  for  the 
author’s  benefit  and  for  the  benefit  of  the  author’s  institution,  for 
non-commercial  research  and  educational  use  including  without 
limitation  use  in  instruction  at  your  institution,  sending  it  to  specific 
colleagues  that  you  know,  and  providing  a  copy  to  your  institution’s 

administrator. 

All  other  uses,  reproduction  and  distribution,  including  without 
limitation  commercial  reprints,  selling  or  licensing  copies  or  access, 
or  posting  on  open  internet  sites,  your  personal  or  institution’s 
website  or  repository,  are  prohibited.  For  exceptions,  permission 
may  be  sought  for  such  use  through  Elsevier’s  permissions  site  at: 


http://www.elsevier.com/locate/permissionusematerial 


PEPTIDES  27  (2006)  2445-2460 


available  at  www.sciencedirect.com 


ScienceDirect 


journal  homepage:  www.elsevier.com/locate/peptides 


Review 

Involvement  of  neurotensin  in  cancer  growth:  Evidence, 
mechanisms  and  development  of  diagnostic  tools 

Robert  E.  Carraway  *,  Ann  M.  Plona 

Department  of  Physiology,  University  of  Massachusetts  Medical  School,  Worcester,  MA  01655,  USA 


ARTICLE  INFO  ABSTRACT 


Article  history: 

Received  2  July  2005 
Accepted  6  April  2006 
Published  on  line  2  August  2006 


Keywords: 

Neurotensin 

Cell  growth 

Cancer 

Signaling 

Imaging 

SR48692 


Abbreviations: 

AA,  arachidonic  acid 

AC,  adenylyl  cyclase 

Akt,  protein  kinase  B 

AR,  androgen  receptor 

Bcl-2,  B  cell  lymphoma/leukemia  2 

DAG,  diacylglycerol 

EGF,  epidermal  growth  factor 

EGFR,  EGF  receptor 

ERK,  extracellular  signal-regulated 

kinase 

FAK,  focal  adhesion  kinase 
GPCR,  G  protein-coupled  receptor 
Hb-EGF,  heparin  binding  EGF 
IP,  inositol  phosphate 
JNK,  cjun  N-terminal  kinase 
LCLC,  large  cell  lung  carcinoma 
LOX,  lipoxygenase 
MAP  kinase,  mitogen-activated 
protein  kinase 


*  Corresponding  author.  Tel.:  +1  508  856  2397;  fax:  +1  508  856  5997. 
E-mail  address:  Robert.Carraway@umassmed.edu  (R.E.  Carraway). 
0196-9781/$  -  see  front  matter  ©  2006  Elsevier  Inc.  All  rights  reserved. 
doi:10.1016/j. peptides. 2006. 04.030 


Focusing  on  the  literature  of  the  past  15  years,  we  evaluate  the  evidence  that  neurotensin 
and  neurotensin  receptors  participate  in  cancer  growth  and  we  describe  possible  mechan¬ 
isms.  In  addition,  we  review  the  progress  achieved  in  the  use  of  neurotensin  analogs  to 
image  tumors  in  animals  and  humans.  These  exciting  advances  encourage  us  to  pursue 
further  research  and  stimulate  us  to  consider  novel  ideas  regarding  the  multiple  inputs  to 
cancer  growth  that  neurotensin  might  influence. 
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1.  Introduction 

Among  the  diverse  biologic  effects  displayed  by  neurotensin 
(NT)  is  an  ability  to  promote  the  growth  of  gastroenteropan- 
creatic  tissues  in  vivo  [84]  and  the  proliferation  of  dispersed 
cells  in  culture  [38].  This  not  only  indicates  a  role  for  NT  in  the 
regulation  of  normal  cell  turnover,  but  it  suggests  the 
possibility  that  NT  could  contribute  to  the  growth  of  cancers 
that  express  NT  receptors.  Indeed,  tumor  cells  can  both 
secrete  NT  and  express  NT  receptors,  suggesting  that  auto¬ 
crine,  paracrine  and  endocrine  regulation  by  NT  is  possible. 
Furthermore,  giving  NT  to  animals  increases  the  incidence  of 
and  the  size  of  chemically  induced  tumors  [61],  whereas  giving 


NT  antagonist  inhibits  the  growth  of  engrafted  tumors.  These 
observations  suggest  that  the  NT  signaling  pathway  may 
provide  a  useful  target  for  the  development  of  diagnostic 
agents  and  antitumor  drugs.  The  purpose  of  this  review  is  to 
examine  the  evidence  that  NT  contributes  significantly  to 
cancer  cell  growth  and  to  summarize  our  knowledge  of 
potential  mechanisms.  An  effort  is  also  made  to  review  our 
progress  in  the  design  and  use  of  NT  analogs  to  image  tumors 
in  animals  and  humans.  Finally,  to  stimulate  some  contro¬ 
versy  and  to  encourage  the  reader  to  consider  alternative 
ideas,  we  present  a  novel  hypothesis  that  attempts  to 
incorporate  growth  regulation  by  NT  into  a  broad  view  of  its 
pharmacology  and  physiology.  Due  to  space  limitations,  we 
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have  focused  our  attention  on  work  published  within  the  past 
15  years  and  we  apologize  for  not  citing  all  of  the  earlier 
studies. 


2.  Relevance  of  NT  production  and  NT 
receptor  expression  in  cancer 

2.1.  Hormonal  role  for  NT  in  cancer 

The  epidemiological  association  of  cancer  incidence  with 
high  fat  intake  around  the  world  suggests  the  possibility  that 
NT,  released  as  a  hormone  during  the  digestion  of  fat,  might 
play  a  role.  Although  NT  secretion  in  response  to  the 
ingestion  of  a  single  meal  or  to  the  perfusion  of  the  intestine 
with  fat  has  been  documented,  the  long-term  effects  of  diet 
on  the  synthesis  and  release  of  NT  are  not  known.  Interest¬ 
ingly,  intestinal  release  of  NT  is  promoted  by  unsaturated 
(oleic,  linoleic)  but  not  by  saturated  (stearic)  fatty  acids  [2], 
and  cancer  growth  is  also  selectively  stimulated  by  unsatu¬ 
rated  fatty  acids  [42,71].  It  could  be  worthwhile  to  determine 
if  this  relationship  extends  to  the  omega-6  (growth  stimu¬ 
latory)  and  omega-3  (growth  inhibitory)  fatty  acids.  Although 
it  is  known  that  fatty  acids  can  exert  direct  effects  on  cancer 
cell  growth,  the  involvement  of  NT  has  not  been  fully 
investigated. 

Pichon  et  al.  reported  that  levels  of  NT  but  not  CCK 
(measured  by  immunoassay)  in  fasted  sera  from  patients  with 
pancreatic  cancer  were  significantly  elevated  in  cases  invol¬ 
ving  metastatic  and  stage  IV  disease  [62].  Whether  the 
increased  blood  level  of  NT  reflected  an  increased  release  by 
the  intestine  or  by  pancreatic  tumors  is  not  known  but  either 
way,  it  might  possibly  impact  the  disease  process.  This  group 
found  that  NT  levels  fell  with  progression  of  the  disease  for 
both  prostate  and  pancreatic  cancer,  showing  the  possible 
importance  of  nutritional  status  and/or  the  effects  of  therapy. 
In  contrast,  Meggiato  et  al.  found  that  plasma  levels  of  NT  were 
normal  in  pancreatic  cancer  but  elevated  in  cases  where 
pancreatitis  was  diagnosed  [55].  They  argued  that  the 
pancreatic  insufficiency  associated  with  pancreatitis  may 
have  led  to  enhanced  intestinal  NT  release.  In  the  cancer 
patients,  NT  levels  appeared  to  correlate  to  albumin  levels. 
This  could  be  interesting  since  fatty  acids  which  release  NT  are 
bound  to  albumin,  or  it  could  be  of  no  significance  since 
albumin  contains  NT-like  sequences  that  crossreact  in 
immunoassays  [14]. 

Thus,  it  is  possible  that  NT  contributes  as  a  hormone  to 
the  increased  risk  of  cancer  associated  with  a  high  fat  diet 
but  further  investigation  is  needed  to  determine  the  sources 
of  secreted  NT  in  cancer  patients  as  well  as  the  effects  of 
nutritional  status  and  therapy  on  the  circulating  levels  of 
NT. 

2.2.  Autocrine  or  paracrine  role  for  NT  in  cancer 

2.2.1.  NT  precursor  processing  and  peptide  secretion  in 
cancer 

NT/N  gene  transcription  is  developmental^  regulated,  such 
that  episodes  of  NT  expression  occur  in  some  fetal  tissues 
where  NT  is  absent  in  the  adult.  Evers  [29]  has  pointed  out  that 


the  transient  appearance  of  NT  in  liver,  pancreas  and  colon 
suggests  that  these  tissues  contain  ancestral  stem  cells,  which 
can  undergo  programmed  differentiation.  Cancers  derived 
from  these  tissues  often  express  NT  (e.g.,  25%  of  colon 
cancers),  possibly  reflecting  a  reversion  to  the  fetal  expression 
pattern.  Dong  et  al.  found  that  DNA  methylation  plays  a  role  in 
NT/N  gene  silencing  in  the  human  colon  cancer  KM20  and  that 
demethylation  at  a  critical  AP-1  promoter  site  results  in  NT/N 
induction  [25].  Activation  of  the  Ras  pathway  can  stimulate 
NT/N  expression  in  the  Caco-2  intestinal  cell  line,  suggesting 
that  this  could  provide  a  mechanism  for  inappropriate 
production  of  NT  by  cancer  cells  or  associated  tissues  [30]. 
The  neuroendocrine  phenotype  often  associated  with  high- 
grade  small  cell  lung  carcinoma  (SCLC)  and  large  cell  lung 
tumors  maybe  related  to  a  resistance  to  chemotherapy  and  an 
enhanced  ability  to  metastasize.  Using  the  Affimetrix  Gene- 
Chip  system  to  investigate  the  expression  of  12,600  genes,  de 
Lange  et  al.  found  that  the  NT/N  gene  was  one  of  73  genes 
upregulated  in  a  highly  metastatic  large  cell  lung  tumor  cell 
line  H460-M  as  compared  to  the  less  metastatic  control  [23]. 
Although  they  did  not  measure  NT  production,  the  fact  that 
prohormone  convertase  PCI  was  also  upregulated  suggests 
that  precursor  processing  to  form  NT  was  possible.  Whether 
these  results  simply  reflect  the  neuroendocrine  phenotype  or 
they  indicate  a  role  for  NT  in  the  metastatic  process  warrants 
further  investigation. 

Using  RIA  and  HPLC  to  characterize  NT-related  peptides  in 
thirteen  colon  cancer  cell  lines,  Rovere  et  al.  found  that 
although  all  of  them  expressed  proNT/N  activity,  only  six 
processed  the  precursor  to  produce  NT-related  or  neuromedin 
N  (NMN)-related  peptides  [67,68].  Careful  analysis  indicated 
that  the  major  products  were  large  precursor  fragments 
having  the  NT  or  NMN  sequence  located  at  the  C-terminus.  NT 
was  a  minor  product  and  NMN  was  not  detected.  The 
processing  pattern  differed  from  that  generally  seen  in  brain 
and  gut,  where  prohormone  convertases  PCI  and  PC2  produce 
mostly  NT,  NMN  (brain)  and  extended  NMN  (gut).  Consistent 
with  this  difference,  colon  cancer  cell  lines  did  not  express  PCI 
or  PC2  but  instead,  PC5  was  present  and  was  shown  to 
reproduce  the  processing  pattern.  Although  it  was  suggested 
that  N- terminally  extended  forms  of  NT  and  NMN  might 
activate  NT  receptors  and  exert  autocrine  growth  effects  on 
cancer  cells,  no  evidence  for  this  exciting  idea  has  been 
reported. 

Feurle  et  al.  provided  some  of  the  earliest  evidence  that  NT 
can  be  secreted  by  human  tumors  [31].  The  majority  of  cells  in 
a  human  pancreatic  adenoma  stained  immunohistochemi- 
cally  for  NT  and  displayed  typical  N-cell  granules.  Chromato¬ 
graphy  of  tumor  extracts  indicated  the  presence  of  authentic 
NT,  which  was  also  grossly  elevated  in  the  patient’s  plasma. 
After  surgical  removal  of  the  tumor,  NT  levels  returned  to 
normal  and  the  esophageal  reflux  experienced  by  the  patient 
subsided.  In  this  remarkable  case,  the  evidence  suggested  that 
NT  secreted  by  the  tumor  not  only  elevated  NT  blood  levels  but 
also  produced  a  syndrome. 

Evers’  group  has  studied  the  secretion  of  NT  from  BON  cells, 
a  human  carcinoid  tumor  cell  line  [49].  Initial  work  using 
region-specific  RIAs  towards  proNT/N  showed  that  BON  cells 
display  the  intestinal  pattern  of  precursor  processing,  pri¬ 
marily  characterized  by  a  large  molecular  (125  amino  acid) 
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form  of  NMN  [15].  The  major  products  found  in  BON  cells  (large 
NMN,  NMN  and  NT)  also  appeared  in  the  culture  media.  In 
studies  to  probe  the  secretory  mechanism,  Li  et  al.  established 
that  PMA  and  bombesin,  both  of  which  activated  PKCa  and 
PKC8,  enhanced  NT  release  [49].  In  keeping  with  the 
importance  of  these  PKC  isoforms  were  experiments  testing 
the  effects  of  specific  PKC  inhibitors  and  of  specific  PKC 
isoform  overexpression  on  NT  release.  These  results  suggest 
critical  role(s)  for  PKC  signaling  in  the  regulation  of  NT 
secretion  that  should  be  taken  into  account  when  interpreting 
the  effects  of  PKC-directed  agents  on  cancer  cell  growth  in 
systems  where  NT  might  exert  autocrine  effects. 

Moody’s  group  provided  much  of  the  early  evidence 
supporting  an  autocrine  mechanism  of  growth  control  by 
NT  [58].  They  demonstrated  NT  production  and  secretion  by 
small  cell  lung  cancer  (SCLC)  cell  lines,  which  also  expressed 
the  high  affinity  NT  receptor  NTS1  and  displayed  a  growth 
response  to  NT.  In  a  follow-up  study  by  Davis  et  al.,  a  number 
of  SCLC  cell  lines  (NCI-N417,  NCI-H345,  NCI-N592)  were  found 
to  convert  exogenous  NT  into  the  fragments  NT1-8  and  NT9-13, 
reflecting  the  presence  of  metallopeptidase  3.4.24.15  in  these 
cells  [22].  This  raised  the  issue  as  to  whether  NT  stability  could 
be  a  point  of  control. 

Using  prostate  cancer  (LNCaP)  cells  grown  in  serum-free 
defined  media,  Sehgal  et  al.  showed  that  immunoreactive  NT 
accumulated  in  the  cells  and  cell-conditioned  media  only  in 
the  absence  of  androgen  [73].  Furthermore,  exogenous  NT 
induced  a  growth  response  only  in  cells  that  were  androgen 
deprived.  Further  study  suggested  that  in  the  presence  of 
androgen,  metalloprotease(s)  were  induced  that  could  degrade 
NT.  The  authors  concluded  that  in  the  absence  of  androgen, 
prostate  cancer  cells  develop  an  autocrine  growth  mechanism 
involving  NT.  Since  the  expression  of  NTS1  mRNA  was 
androgen-independent,  they  reasoned  that  this  autocrine 
pathway  was  regulated  by  modulation  of  NT  levels.  In  keeping 
with  the  notion  that  androgen  withdrawal  could  enhance  NT 
stability,  Pichon  et  al.  have  reported  that  plasma  levels  of  NT 
are  elevated  in  disease-free  prostate  cancer  patients  who 
received  hormone  therapy  [62].  Moody  et  al.  have  also 
assessed  the  ability  of  prostate  cancer  cells  to  produce  NT 
and  to  degrade  added  NT  [60].  LNCaP  (androgen-dependent) 
cells  were  shown  to  contain  and  secrete  NT.  However, 
exogenous  NT  was  degraded  primarily  to  NT1-11,  consistent 
with  the  presence  of  neutral  endopeptidase  3.4.24.11  in  these 
cells.  This  reaction  was  inhibited  in  the  absence  of  androgen 
and  in  the  presence  of  metalloprotease  inhibitor  phosphor- 
amidon.  In  contrast,  androgen-independent  cells  (PC3,  DU145) 
did  not  contain  or  secrete  NT  and  did  not  degrade  exogenous 
NT.  These  studies  clearly  show  that  peptidases  are  present  in 
LNCaP  cells,  but  their  role  in  degrading  endogenous  NT  is  not 
yet  proven.  Firstly,  intact  NT  was  recovered  from  the  cells,  not 
fragments  of  NT.  In  addition,  the  results  obtained  might  also 
be  explained  if  NT  production  is  enhanced  by  androgen- 
deprivation  as  Sehgal  et  al.  have  in  fact  reported  [73]. 

Although  these  studies  argue  strongly  that  androgen 
withdrawal  from  prostate  cancer  cells  could  induce  an 
autocrine  growth  mechanism  via  a  change  in  NT  stability, 
recent  work  by  Dal  Farra  et  al.  has  added  a  degree  of 
complexity  to  this  picture  [19].  Their  results  suggest  that 
androgen  withdrawal  from  LNCaP  cells  permits  the  NT  growth 


effect  by  inducing  the  expression  of  another  NT  receptor  NTS3. 
Whereas  NTS1  mRNA  expression  did  not  change  after  8  days 
in  the  absence  of  serum,  NTS3  mRNA  levels  and  NTS3  binding 
activity  increased  ^10-fold.  Thus,  there  is  evidence  supporting 
the  importance  of  NT  stability  as  well  as  NT  receptor 
expression  in  the  regulation  of  NT-induced  cancer  growth. 
More  studies  are  warranted  to  identify  other  factors  that  might 
influence  the  operation  of  autocrine/paracrine  systems 
involving  NT  (e.g.,  nutrients,  hormones  and  drugs)  and  to 
determine  whether  NT  production  or  NT  receptor  expression 
is  used  as  a  critical  point  of  control. 

2.2.2.  NT  receptor  expression  in  cancer 

A  variety  of  primary  human  tumors  have  been  examined  by 
Reubi  et  al.  for  NT  receptor  content  using  in  vitro  receptor 
autoradiography  on  tissue  sections  [65].  Binding  displacement 
curves  generated  for  positive  tissues  were  consistent  with  the 
presence  of  NTS1.  The  incidence  of  NT  receptor  expression 
was:  Ewing’s  sarcoma  (65%),  meningioma  (52%),  astrocytoma 
(43%),  thyroid  cancer  (29%),  small  cell  lung  cancer  (25%),  breast 
cancer  (5%),  colon  cancer  (4%),  hepatic  (0%),  ovarian  (0%)  and 
prostate  cancer  (0%).  Reubi’s  group  also  used  an  ex  uiuo 
scintigraphic  technique  to  show  the  presence  of  NT  receptor  in 
75%  of  pancreatic  adenocarcinomas  [64].  Interestingly,  the 
reported  incidence  of  NT  receptor  expression  in  immortalized 
cell  lines  derived  from  some  human  cancers  (e.g.,  colon,  45%; 
Maoret  et  al.  [51])  is  higher  than  reported  here  for  primary 
tumors.  Discrepant  results  for  cell  lines  and  primary  tumors 
could  reflect  differences  induced  by  cell  culturing  and  cell 
selection;  however,  instability  of  the  NT  ligand  to  tissue 
peptidases  may  also  be  a  contributing  factor.  One  wonders  if 
results  obtained  by  Western  blotting  or  by  measuring  NT 
receptor  mRNA  might  be  more  reliable.  The  results  obtained 
by  Ehlers  et  al.  [26]  and  Elek  et  al.  [28]  using  RT-PCR,  argue  that 
the  incidence  of  NTS1  expression  in  primary  human  cancers  of 
the  pancreas,  colon,  prostate  and  ovary  could  be  higher  than 
indicated  by  the  binding  assay  results  above.  Binding  assays 
can  give  false  negatives  as  exemplified  by  results  obtained 
with  prostate  LNCaP  cells,  which  express  NTS1  by  Western 
blot  and  respond  to  NT  in  functional  assays  (ERK  phosphor¬ 
ylation)  but  do  not  bind  125I-NT  (Hassan,  unpublished  results). 
Thus,  in  drawing  conclusions  about  the  incidence  of  NT 
receptor  expression  in  human  tumors,  one  should  consider 
results  obtained  using  several  methods  including  RT-PCR, 
Western  blotting  and  functional  assays. 

Dal  Farra  et  al.  have  done  an  in  depth  analysis  of  NT  receptor 
expression  in  prostate,  colon  and  pancreatic  cancer  cell  lines, 
measuring  NT  receptor  mRNA  expression  and  NT  binding  [19]. 
In  many  of  the  cell  lines  examined,  NTS1  appears  not  to  be 
expressed,  whereas  NTS3  is  present  in  all  cell  lines.  Since  NT 
exerts  growth  effects  in  some  cells  which  were  found  to  lack 
NTS1  (most  notably  LNCaP  cells)  and  since  NTS3-transfected 
CHO  cells  exhibit  a  growth  response  to  NT  (EC50,  ^200  nM),  the 
authors  argue  that  NTS3  could  be  an  important  mediator  of  NT- 
induced  cancer  cell  growth.  Particularly  convincing  is  their 
finding  that  NTS3  mRNA  expression  and  NT  binding  to  soluble 
receptor  increased  10-fold  during  LNCaP  cell  differentiation, 
which  is  known  to  be  essential  to  demonstrate  the  NT  growth 
effects.  However,  at  odds  with  their  results  is  the  report  by 
Elek  et  al.  showing  that  androgen-deprivation  upregulates 
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NTS1  mRNA  expression  in  LNCaP  cells  [28].  Although  these 
studies  are  very  exciting,  many  questions  remain  unanswered: 
how  does  one  reconcile  the  discrepancy  between  the  EC50  for 
NT-induced  growth  in  LNCaP  cells  (<1  nM)  and  that  in  NTS3- 
transfected  CHO  cells  (^200  nM)  if  not  by  the  presence  of  NTS1? 
Do  CHO  cells  transfected  with  NTS1  exhibit  a  growth  response 
to  NT  in  the  absence  of  NTS3?  Since  NTS3  is  not  G  protein- 
coupled  and  has  a  limited  association  (<10%)  with  the  plasma 
membrane,  how  can  it  mediate  the  effects  of  NT  which  appears 
to  be  confined  to  the  extracellular  space?  A  reasonable  idea 
considered  by  Martin  et  al.  is  that  NTS3,  which  they  have  shown 
to  hetero dimerize  with  NTS1,  modulates  and/or  facilitates  the 
effects  of  NTS1  [52].  This  study  is  discussed  at  more  length  in 
Section  3.3. 

Results  published  by  Souaze  et  al.  argue  convincingly  that 
the  upregulation  of  NTS1  in  colon  cancer  is  largely  attributable 
to  activation  of  the  Wnt/APC  signaling  pathway  [78].  Altera¬ 
tions  in  Wnt/APC  occur  often  at  the  early  premalignant  stage, 
and  are  known  to  be  critical  to  the  progression  of  colon  cancer. 
This  group  observed  activation  of  the  NTS1  gene  by  agents  that 
caused  (3-catenin  accumulation,  as  well  as  a  decline  of 
endogenous  NTS1  when  the  tumor  suppressor  gene  APC 
was  restored  to  cancer  cells.  Given  that  chronic  inflammation 
may  initiate  carcinogenesis,  and  that  NT  has  important  effects 
in  models  of  colonic  inflammation  [89],  the  upregulation  of 
NTS1  by  the  Wnt/APC  pathway  could  be  a  key  event  in  tumor 
progression. 


3.  Growth  effects  of  NT  agonists  and 

antagonists  on  cancer  cells  in  vitro 

3.1.  Lung  cancer 

Moody’s  group  [21]  was  one  of  the  first  to  document  the 
ability  of  NT  (0.5-10  nM)  to  stimulate  clonal  growth  of  SCLC 
cells  (lines:  NCI-H345,  NCI-N417).  Probing  the  mechanism  of 
signal  transduction,  Staley  et  al.  [79]  found  that  NT  elevated 
[Ca2+]j  levels  (EC50,  ^1  nM)  in  the  NIH-H345  cell  line.  The 
response  to  0.1  nM  NT  was  shown  to  decay  over  6  min  while 
the  response  to  10  nM  NT  decayed  within  2  min.  Since  the 
decline  was  not  due  to  depletion  of  the  intracellular  Ca2+ 
pool,  the  authors  suggested  that  desensitization  and/or 
internalization  of  NT  receptor  occurred  in  response  to  higher 
levels  of  NT.  Supporting  this  idea  was  their  finding  that 
pretreatment  of  cells  with  10  nM  NT  induced  a  tachyphy- 
lactic  effect. 

Further  work  by  Moody  et  al.  [59]  was  directed  towards 
characterizing  NT  receptor  in  these  cells  and  testing  the 
effects  of  NT  receptor  antagonists  on  cell  growth.  SCLC  cells 
(NCI-H209)  displayed  specific  binding  of  125I-NT  and  3H- 
SR48692  in  a  manner  suggesting  that  their  binding  sites 
overlapped  partially.  In  keeping  with  this,  the  elevation  of 
[Ca2+]j  and  the  increase  in  c-fos  mRNA  caused  by  NT  (10  nM) 
were  inhibited  by  pretreatments  with  SR48692  (5-10  |jlM).  In 
addition,  the  inhibition  of  SCLC  proliferation  caused  by 
SR48692  (1  fxM)  was  reversed  by  NT  (10  nM).  Based  on  the 
effects  of  NT  antagonists,  the  growth-promoting  effect  of  NT 
appeared  to  be  mediated  by  NTS1.  Since  these  cells  are  known 
to  produce  NT,  the  inhibition  of  SCLC  growth  by  SR48692 


suggests  that  NT  can  function  as  an  autocrine  growth  factor  in 
some  lung  cancers. 

Pursuing  a  completely  different  path,  Tallet  et  al.  hypothe¬ 
sized  that  NT  might  induce  Tyr-phosphorylation  as  part  of  its 
growth  effect  [83].  NT  (1-100  nM)  was  found  to  stimulate  rapid 
(peak  response,  5  min),  concentration-dependent  Tyr-phos- 
phorlyation  and  Tyr-kinase  activity  in  SCLC  cells  (lines:  NCI- 
H69,  NCI-H345,  NCI-H510).  The  major  Tyr-phosphorylation 
substrate  was  identified  as  pl25  focal  adhesion  kinase  (FAK)  a 
cytoplasmic  Tyr-kinase  activated  by  phosphorylation  on  Tyr 
residues.  The  effects  of  NT  were  inhibited  by  25  |xM  tyrphostin, 
which  also  inhibited  the  growth  response  to  NT.  Since  the 
phorbol  ester  PMA  and  calcium  ionophore  A23187  did  not 
induce  Tyr-phosphorylation,  it  was  concluded  that  the  effects 
of  NT  on  Tyr-phosphorylation  occurred  independently  of  PKC 
activation  and  mobilization  of  internal  calcium. 

Important  mechanistic  studies  by  Leyton  et  al.  have  shown 
that  large  cell  lung  cancer  NCI-H1299  cells  bind  NT  (IC50, 
^3  nM)  and  respond  to  NT  (1-100  nM)  with  a  transient  (1- 
5  min)  activation  of  FAK,  followed  by  a  doubling  in  colony 
formation  [48].  Since  NT  binding  and  NT-induced  FAK 
activation  and  cell  proliferation  were  all  inhibited  by 
SR48692,  the  authors  concluded  that  these  effects  were 
mediated  by  NTS1.  FAK  activation  in  response  to  NT  was 
diminished  by  tyrosine  kinase  inhibitor  (genistein),  serine/ 
threonine  kinase  inhibitor  (H7)  and  an  inhibitor  of  actin 
polymerization  (cytochalasin  D).  Since  these  agents  also 
inhibited  NT-induced  cell  proliferation  and  since  FAK  activa¬ 
tion  is  associated  with  increased  oncogene  expression,  FAK 
activation  may  contribute  to  the  NT-induced  growth  response. 
The  authors  speculated  that  NT  operates  as  an  autocrine 
growth  regulator  in  this  system  since  SR48692  inhibited  basal 
growth  in  addition  to  NT-induced  growth  of  these  cells. 

3.2.  Pancreatic  cancer 

Ishizuka  et  al.  were  the  first  to  report  on  the  growth  response 
to  NT  in  pancreatic  cancer  MIA  PaCa-2  cells  [43].  The 
stimulatory  effect  of  NT  (10“12  to  1CT8  M)  on  DNA  synthesis 
correlated  to  its  ability  to  elevate  IP3  levels  and  to  mobilize 
intracellular  Ca2+.  However,  at  higher  doses  (>10-7  M),  where 
NT  stimulated  cAMP  formation,  an  inhibition  of  the  growth 
response  occurred.  Since  8-Br-cAMP  inhibited  cell  growth,  it 
was  speculated  that  NT  enhanced  cell  growth  at  physiologic 
levels  (via  Ca2+-mobilization)  and  that  this  response  was 
inhibited  at  supra-physiologic  levels  (via  cAMP).  The  authors 
proposed  the  involvement  of  a  high  affinity  NT  receptor 
(presumably  Gq-coupled)  and  a  low  affinity  NT  receptor 
(presumably  Gs-linked)  in  this  mechanism  of  pathway  cross¬ 
talk.  However,  other  explanations  involving  only  one  NT 
receptor  should  be  considered.  Membrane  binding  studies  by 
Yamada  et  al.  suggest  the  presence  of  a  single  binding  site  in 
these  cells,  which  has  the  character  of  NTS1.  It  could  be  that 
NTS1  couples  to  multiple  G-proteins  and  evokes  Ca2+  and 
cAMP  responses  with  differing  potency  [85].  Even  if  NTS1 
couples  only  to  Gq,  NT  might  exert  downstream  effects  on  Gs- 
linked  systems  (e.g.,  (32-adrenergic,  PGE2),  whose  growth 
effects  are  potentiated  by  Gq-mediated  superactivation  of 
adenylyl  cyclases  that  are  sensitive  to  Ca2+  and  PKC  [57]. 
Finally,  inhibition  of  NTs  growth  effect  at  high  dose  may  be 
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due  to  receptor  desensitization  and/or  downregulation  and 
may  have  little  to  do  with  the  rather  modest  effect  (two-fold 
increase)  that  NT  exerts  on  cAMP  levels. 

Studying  Ca2+  responses  to  NT  and  its  antagonist  SR48692 
in  relation  to  the  proliferation  of  pancreatic  cancer  MIA  PaCa-2 
and  PANC-1  cells,  Herzig  et  al.  noted  an  important  difference 
[41].  Whereas  NT  mobilized  intracellular  Ca2+  (and  SR48692 
inhibited  this  effect)  in  both  cell  lines,  NT  induced  a 
proliferative  response  only  in  MIA  PaCa-2  cells.  Conversely, 
SR48692  inhibited  basal  growth  in  both  cell  lines,  but  NT 
reversed  this  effect  only  in  MIA  PaCa-2.  Although  the  authors 
concluded  that  a  Ca2+  response  is  not  a  sufficient  prerequisite 
for  NT-induced  mitogenesis,  an  alternative  explanation  is  that 
PANC-1  but  not  MIA  PaCa-2  cells  exhibit  maximal  growth  in 
the  presence  of  the  1%  serum  that  was  used  as  vehicle,  making 
the  effect  of  NT  difficult  to  measure  in  PANC-1.  Following  up 
on  this  study,  Ryder  et  al.  found  that  NT  (1-25  nM)  induced 
rapid  Ca2+  mobilization  from  intracellular  stores,  followed  by 
Ca2+  influx  in  five  different  pancreatic  cancer  cell  lines, 
including  PANC-1  [69].  While  responsiveness  to  angiotensin, 
bombesin,  bradykinin  and  cholecystokinin  varied  in  the  cell 
lines,  each  gave  a  positive  response  to  NT.  In  PANC-1  cells,  NT 
dose-responsively  induced  phosphorylation  of  the  MAP 
kinase  ERK,  and  stimulated  DNA  synthesis  (the  cells  were 
withdrawn  from  serum  for  these  studies).  Mek  inhibitors 
(PD98059,  U0126)  blocked  ERK  activation  in  response  to  NT. 
Since  SR48692  was  shown  to  inhibit  each  of  these  responses, 
the  authors  concluded  that  NTS1  mediated  the  effects  of  NT 
on  [Ca2+]j,  ERK  activation  and  DNA  synthesis. 

Ehlers  et  al.  used  MIA  PaCa-2  cells  to  examine  the  effects 
of  NT  on  the  MAP  kinases  ERK  and  JNK,  both  of  which  are 
known  to  transmit  mitogenic  signals  to  the  nucleus  by 
activating  transcription  factors  such  as  AP-1  [27].  NT  (10  nM) 
was  shown  to  activate  ERK  (maximal  at  3  min)  and  JNK 
(maximal  at  30  min),  and  these  responses  were  followed  by  an 
increase  in  AP-1  binding  activity  (mostly  c-Jun;  maximal  at 
60  min).  Since  ERK  and  JNK  can  phosphorylate  c-Jun,  markedly 
stimulating  transcription  factor  activity,  these  findings  sug¬ 
gest  that  the  mitogenic  effect  of  NT  involves  activation  of 
these  pathways. 

Guha  et  al.  investigated  NT  signaling  in  PANC-1  cells  and 
found  that  NT  potently  stimulated  the  ERK  pathway  through  a 
PKC-dependent  mechanism  that  did  not  involve  transactiva¬ 
tion  of  EGFR  [36].  This  conclusion  was  based  on  the  finding  that 
NT  activated  Raf-1  and  enhanced  the  phosphorylation  of  Mek 
and  ERK,  but  it  did  not  phosphorylate  EGFR  or  activate  Ras.  In 
fact,  NT  decreased  the  level  of  EGFR  phosphorylation,  possibly 
reflecting  an  action  downstream  that  caused  feedback 
inhibition.  Also  arguing  against  the  involvement  of  EGFR 
was  the  finding  that  NT-induced  ERK  activation  was  not 
decreased  by  an  inhibitor  (GM  6001)  of  metalloproteases 
thought  to  generate  EGFR  ligands  and  was  not  sensitive  to 
tyrosine  kinase  inhibitors  (AG1478,  PD158780)  or  src  tyrosine 
kinase  inhibitor  (PP2).  In  contrast  to  the  lack  of  dependence  on 
EGFR,  the  requirement  for  PKC  activity  was  absolutely  clear. 
Raf-1  activation  and  ERK  phosphorylation  were  both  sensitive 
to  PKC  inhibitors  (GF109203X,  Ro31-8220)  and  to  phorbol  ester- 
induced  PKC  downregulation.  NT  also  stimulated  DNA 
synthesis  and  clonal  growth  in  PANC-1  cells  and  these  growth 
effects  were  PKC-dependent  (inhibited  by  GF109203X)  and 


Mek-dependent  (inhibited  by  U0126).  Since  NT  can  activate 
PKC  in  these  cells  [36]  and  since  PKC  is  known  to  activate  Raf-1 
[7],  these  findings  suggest  that  NT  acts  in  PANC-1  cells  via  a 
shortcut  pathway  involving  a  direct  effect  of  PKC  on  Raf-1, 
followed  by  activation  of  Mek  and  ERK  (Fig.  1).  Although  it  is 
not  known  whether  NT  stimulates  the  PI3K/Akt  pathway  in 
PANC-1  cells,  PI3K  inhibitor  (wortmannin)  did  not  diminish 
ERK  activation  in  response  to  NT  [36]. 

Since  many  neuropeptides  activate  the  ERK  pathway  by 
transactivating  EGFR,  Kisfalvi  et  al.  carefully  compared  the 
effects  of  NT  and  EGF  in  pancreatic  cancer  cells  [46].  NT 
stimulated  ERK  activation  in  PANC-1  and  MIA  PaCa-2  cells  via 
a  PKC-dependent  (inhibited  by  Ro  31-8220)  but  EGF  receptor- 
independent  pathway  (not  inhibited  by  AG1478).  In  contrast, 
the  response  to  EGF  did  not  involve  PKC.  The  effects  of  NT  on 
ERK  activation  and  DNA  synthesis  were  synergistic  with  those 
of  EGF.  Whereas  ERK  activation  in  response  to  NT  or  EGF 
returned  to  baseline  within  2  h,  the  combined  effect  was 
prolonged  (>5  h).  Similarly,  the  enhancement  in  DNA  replica¬ 
tion  in  response  to  NT  plus  EGF  (4.5-fold)  was  greater  than  the 
additive  effects  of  the  individual  agents  (^2. 5-fold).  Sustained 
activation  of  ERK  was  in  fact  necessary  for  the  synergistic 
increase  in  DNA  synthesis  since  addition  of  U0126  (Mek 
inhibitor)  2  h  after  NT  and  EGF  (which  converted  sustained 
ERK  activation  to  transient  activation)  greatly  inhibited  the 
DNA  response.  These  findings  support  the  idea  that  NT- 
induced  ERK  activation  in  PANC-1  cells  involves  a  direct  action 
of  PKC  on  Raf-1  (scheme  in  Fig.  1). 

The  PKC  dependence  of  NT  growth  signaling  in  pancreatic 
cancer  cells  led  Guha  et  al.  to  search  for  potential  mediators 
that  were  downstream  of  PKC  [37].  Using  PANC-1  cells,  this 
group  showed  that  NT  (1-20  nM)  induced  a  rapid  (maximum, 
10  min)  and  striking  (10-fold)  activation  of  PKD  that  involved 
translocation  of  the  kinase  to  the  plasma  membrane.  In  the 
same  dose  range,  NT  enhanced  DNA  synthesis  (^2-fold).  The 
effects  of  NT  on  PKD  and  on  DNA  synthesis  were  similarly 
sensitive  to  pretreatment  with  PKC  inhibitors  (GF-1  and  Ro  31- 
8220).  Thus,  it  is  conceivable  that  PKD  mediates  some  aspects 
of  PKC-dependent  mitogenesis  in  pancreatic  cancers. 

3.3.  Colon  cancer 

Poinot-Chazel  et  al.  [63]  did  some  of  the  earliest  studies 
investigating  the  mechanism  by  which  NT  promotes  cell 
growth  in  CHO  cells  (transformed  with  human  NTS1)  and  in 
colon  cancer  HT29  cells  (known  to  express  NTS1).  NT  (0.1- 
100  nM)  enhanced  ERK  phosphorylation  and  ERK  activity 
(maximum,  5  min),  effects  that  were  inhibited  by  SR48692. 
This  was  followed  in  1-2  h  by  an  induction  of  Krox-2 4  protein 
expression.  ERK  activation  and  Krox-2 4  induction  in  response 
to  NT  were  strongly  inhibited  by  PKC  inhibitor  (GF109203)  and 
mimicked  by  PKC  activator  (PMA),  indicating  a  dependence  on 
PKC.  Both  responses  were  also  partially  inhibited  by  pertussus 
toxin  (PTX),  suggesting  that  NTS1  signaling  involved  both  PTX- 
sensitive  and  PTX-insensitive  G-proteins.  The  authors  propose 
that  growth  stimulation  by  NT  could  involve  the  coupling  of 
NT  receptor  to  Krox-24  induction  via  the  MAP  kinase  cascade. 
This  seems  reasonable  since  Krox-24  is  an  early  response  gene 
producing  a  zinc-finger  transcription  factor  that  targets 
several  genes  involved  in  cell  division. 
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An  extensive  screening  of  colon  cancer  cell  lines  for  growth 
responses  to  NT  was  performed  by  Maoret  et  al.  [50].  NT 
stimulated  growth  of  five  different  human  cancer  lines 
(SW480,  SW620,  HT29,  HCT116,  C1.19A)  shown  to  express 
NTS1,  whereas  it  had  no  effect  in  Caco-2  cells  shown  to  lack 
NTS1.  In  SW480  cells,  NT  enhanced  proliferation  by  two-  to 
three-fold  (EC50,  ^0.5  nM)  and  increased  colony  formation  by 
=50%.  Although  SR48692  was  shown  to  inhibit  NT  binding  to 
cell  membranes  obtained  from  these  colon  cancers,  its  effects 
on  cell  growth  could  not  be  tested  in  vitro  due  to  interference  by 
solubilizing  agents. 

Martin  et  al.  performed  a  rigorous  biochemical  analysis  to 
probe  the  functional  importance  of  NTS3/NTS1  heterodimers 
in  HT29  cells  [52],  Comparing  HT29  cells  to  CHO  cells 
expressing  one  or  both  receptors,  the  authors  deduced  that 
HT29  cells  co-express  NTS3  and  NTS1  in  a  ratio  of  20:1,  and 
that  the  two  receptors  are  complexed  at  the  cell  surface.  The 
binding  affinity  of  NTS1  measured  in  intact  CHO  cells  was  not 
changed  much  by  its  association  with  NTS3;  however,  the 
potency  of  NT  to  induce  inositol  phosphate  (IP)  formation  or 
ERK  phosphorylation  was  diminished  in  proportion  to  NTS3 
expression.  Thus,  NTS3  (which  could  not  promote  either 
response)  modulated  the  effects  of  NTS1  when  co-expression 
was  performed  in  CHO  cells.  For  ERK  phosphorylation,  NTS3 
shifted  the  NT  dose-response  curve  to  the  right  while 
increasing  maximal  stimulation  two-fold.  The  authors  sug¬ 
gested  that  NTS3  (by  interacting  with  NTS1)  generated  a  new 
mechanism  of  cell  activation  that  could  be  necessary  for  the 
growth  effect  of  NT.  Although  these  results  are  enticing,  it 
remains  to  be  shown  that  NTS3  has  any  functional  role  at 
physiologic  NT  concentrations.  In  NTSl-expressing  CHO  cells 
(Martin’s  data),  co-expression  of  NTS3  enhanced  the  absolute 
level  of  ERK  activation  in  response  to  10-100  nM  NT  but  not  to 
0.1-1  nM  NT.  It  also  seems  possible  that  the  rightward  shift  in 
the  NT  dose-response  curve  demonstrated  by  Martin  simply 
reflects  the  ability  of  NTS3  to  compete  for  NT  in  a  non¬ 
productive  way.  Further  studies  are  warranted  to  sort  out  the 
precise  role(s)  of  NTS3  in  NT  binding,  signal  transduction, 
desensitization  and  internalization. 

3.4.  Prostate  cancer 

Sehgal  et  al.  performed  the  first  work  documenting  a  growth 
response  to  NT  in  androgen-dependent  human  prostate 
cancer  LNCaP  cells  [73].  They  found  that  while  expression  of 
NTS1  mRNA  was  independent  of  androgen  status,  a  growth 
response  to  NT  could  only  be  shown  in  androgen-deprived 
cells.  In  the  presence  of  NT  (0.5-10  nM)  and  the  absence  of 
androgen  for  12  days,  cell  growth  was  stimulated  by  =60%. 
Using  an  immunoassay  to  measure  NT,  they  showed  that  the 
cellular  production  of  NT  and  its  secretion  into  conditioned 
media  was  stimulated  by  androgen-deprivation.  However,  the 
degradation  of  endogenous  and  exogenous  NT  by  the  cells  was 
also  promoted  by  androgen.  Metalloprotease  inhibitors 
decreased  the  androgen-associated  loss  of  NT,  suggesting 
that  androgen-stimulated  cells  may  become  refractory  to  NT 
due  to  the  induction  of  NT-degrading  metalloprotease(s).  The 
authors  concluded  that  androgen-deprivation  enhances  both 
NT  production  and  NT  stability,  leading  to  the  development  of 
an  autocrine  growth-regulatory  mechanism. 


To  complement  the  work  on  androgen-dependent  cells, 
Seethalakshmi  et  al.  studied  the  PC3  cell  line,  a  model  of  late 
stage  androgen-independent  cancer  [72].  PC3  cells  were  found 
to  express  NTS1  mRNA  and  to  bind  125I-NT  with  high  affinity. 
The  receptor  was  similar  to  NTS1  in  molecular  size,  reactivity 
with  NT  analogs  and  SR48692,  and  sensitivity  to  GTP  analogs 
and  NaCl.  Unlike  LNCaP  cells,  PC3  did  not  express  NT 
precursor  mRNA  and  did  not  contain,  secrete  or  destroy  NT. 
When  added  to  PC3  cells,  NT  (0.1-1  nM)  stimulated  DNA 
synthesis  and  increased  the  number  of  cells,  whereas  SR48692 
inhibited  these  effects.  Since  NT  was  active  at  near  physiologic 
blood  levels,  these  results  support  an  endocrine  or  paracrine 
role  for  NT. 

Because  receptor  tyrosine  kinases  are  generally  important 
for  androgen-independent  cancer  cell  growth,  Hassan  et  al. 
investigated  the  interaction  of  NT  with  the  EGF  receptor  (EGFR) 
and  its  associated  signaling  cascades  in  PC3  cells  [40] .  NT  dose- 
dependently  (0.1-30  nM)  enhanced  phosphorylation  of  EGFR, 
ERK  and  Akt  (maximal,  3  min).  There  was  an  associated 
accumulation  of  EGF-like  material  in  the  medium  and  a  two¬ 
fold  increase  in  DNA  synthesis.  Each  of  these  effects  was 
inhibited  by  EGFR-tyrosine  kinase  inhibitor  (AG1478),  metal- 
loendopeptidase  inhibitor  (phosphoramidon)  and  heparin  but 
not  by  neutralizing  anti-EGF  antibody.  Thus,  NT  appeared  to 
transactivate  EGFR  via  proteolytic  liberation  of  cell-surface 
Hb-EGF  or  amphiregulin,  rather  than  by  release  of  EGF  itself. 
PKC  inhibitors  blocked  the  effects  of  NT  whereas  PKC  activator 
(PMA)  mimicked  NT,  generating  EGF-like  activity  and  phos- 
phorylating  EGFR.  PI3K  inhibitors  (wortmannin,  LY294002)  and 
Mek  inhibitor  (U0126)  blocked  the  downstream  effects  of  NT, 
including  ERK  phosphorylation  and  DNA  synthesis.  Although 
these  signaling  responses  to  NT  did  not  require  Ca2+  in  the 
medium  and  were  not  blocked  by  calmodulin  inhibitor,  the 
growth  effect  of  NT  was  Ca2+-dependent.  The  authors 
concluded  that  NT  stimulates  mitogenesis  in  PC3  cells  by  a 
PKC-dependent  ligand-mediated  transactivation  of  EGFR, 
which  leads  to  stimulation  of  the  ERK  pathway  in  a  PI3K- 
dependent  manner.  They  also  suggested  that  PKC  could  play 
both  causal  and  permissive  roles,  e.g.,  liberating  EGF-like 
substances  (causal)  and  facilitating  the  activation  of  Raf-1 
(permissive). 

Speculating  that  NT  released  from  neurons  might  have  a 
role  in  prostate  cancer  and  realizing  that  NT  is  often  co-stored 
with  catecholamines,  Mitra  and  Carraway  studied  the  influ¬ 
ence  of  a  [32-adrenergic  agonist  on  the  growth  effect  of  NT  [57]. 
In  the  presence  of  isoproterenol,  NT  exerted  an  antimitogenic 
action  in  PC3  cells  whereas  in  its  absence,  NT  was  mitogenic. 
The  effect  was  attributed  to  the  ability  of  NT  to  enhance 
adenylyl  cyclase  activation,  doubling  cAMP  formation  in 
response  to  Gs-activators  [13].  NT  did  not  alter  cAMP 
degradation  and  did  not  affect  the  ability  of  dibutyryl  cAMP 
to  inhibit  DNA  synthesis.  Thapsigargin  and  PMA  mimicked  the 
effect  of  NT  on  cAMP  formation,  suggesting  that  a  Ca2+- 
dependent  and/or  PKC-dependent  superactivation  of  adenylyl 
cyclase(s)  was  involved.  The  crosstalk  shown  here  in  the  NT 
and  p- adrenergic  signaling  pathways  implies  that  growth 
responses  to  NT  may  depend  on  the  activity  of  catecholami- 
nergic  systems.  This  phenomenon  may  also  apply  to  other 
regulators  that  utilize  the  cAMP  signaling  pathway  such  as 
PGE2.  More  effort  seems  warranted  to  define  the  growth 
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effects  of  NT  in  a  more  physiologic  setting  that  includes  inputs 
from  other  regulators. 

Since  some  actions  of  NT  depend  on  extracellular  Ca2+  and 
are  inhibited  by  Ca2+-channel  blockers,  Carraway  et  al.  tested 
blockers  of  voltage-gated  and  store-operated  Ca2+-channels 
for  effects  on  NT  binding  and  signaling  in  PC3  cells  [10].  These 
agents  dramatically  enhanced  NT  binding  to  the  cells  and 
caused  a  parallel  inhibition  of  NT-induced  IP  formation.  Many 
of  the  agents  exhibited  these  effects  at  doses  known  to  inhibit 
store-operated  Ca2+-channels.  The  effects  were  receptor- 
specific  and  required  intact  cells,  suggesting  that  they 
involved  cellular  metabolism.  Nifedipine  increased  the 
apparent  affinity  of  NTS1  =3-fold  without  changing  the 
receptor  number  or  the  relative  internalization  rate.  Although 
the  results  suggested  that  store-operated  Ca2+-channels  might 
produce  feedback  effects  on  NTS1,  further  work  indicated  that 
the  antioxidative  nature  of  these  drugs  may  have  played  a  role 
since  similar  effects  were  produced  by  polyphenolic  antiox¬ 
idants  [11].  Based  on  this,  it  was  proposed  that  these  agents 
disrupted  NT  signaling  by  inhibiting  oxidative  reactions  or  by 
scavenging  ROS  involved  in  regulating  NTS1  function.  Addi¬ 
tional  studies  showed  that  a  panel  of  lipoxygenase  (LOX) 
inhibitors  reproduced  these  effects,  leading  the  authors  to 
suggest  that  NTS1  function  is  regulated  by  lipid  peroxidation 
or  other  LOX-dependent  processes  [12]. 

Hassan  and  Carraway  also  examined  the  involvement  of 
LOX  in  NT-induced  and  EGF-induced  DNA  synthesis  in  PC3 
cells  [39].  NT  and  EGF  stimulated  arachidonic  acid  (AA)  release 
from  the  cells,  upregulated  PLA2  and  5-LOX  expression,  and 
increased  the  formation  of  5-HETE,  which  was  shown  to  be 
mitogenic.  Inhibitors  of  PLA2,  DAG  lipase  and  5-LOX  dimin¬ 
ished  the  effects  of  NT  and  EGF  on  the  ERK/Akt  pathways,  and 
on  DNA  synthesis.  In  a  reciprocal  manner,  the  ability  of  NT  and 
EGF  to  enhance  AA  release  was  ERK-dependent.  The  authors 
proposed  the  existence  of  a  feed-forward  system  involving 
cooperative  interactions  of  the  LOX  pathway  with  the  ERK/Akt 
pathways.  The  input  of  5-LOX  into  NT-induced  growth 
appeared  to  be  both  causal  (via  the  generation  of  mitogenic 
5-HETE)  and  permissive  (via  effects  on  NTS1  function). 
Although  further  work  is  required  to  fully  understand  the 
mechanisms  involved,  these  findings  are  in  agreement  with  a 
growing  literature  supporting  the  importance  of  5-LOX  in 
cancer  cell  growth  [34]. 

Neuropeptides  such  as  NT  can  substitute  for  androgen  in 
sustaining  the  growth  of  prostate  cancer  cells.  Lee  et  al.  [47] 
have  addressed  the  possibility  that  NT  contributes  to  andro¬ 
gen-independent  growth  of  LNCaP  cells  by  activating  the 
androgen  receptor  (AR).  Using  LNCaP  cells  transfected  with 
reporter  constructs,  NT  was  shown  to  activate  the  promoter 
for  prostate  specific  antigen  (PSA),  a  known  target  of  the 
activated  AR.  NT  also  stimulated  the  secretion  of  PSA  by 
normal  LNCaP  cells.  Further  work  in  PC3  cells  (which  lack  AR 
expression)  and  in  PC3(AR)2  cells  (transfected  with  the  AR 
gene)  suggested  that  AR  was  required  for  NT  to  stimulate  the 
PSA  promoter.  Postulating  that  NT  activated  AR  and  that  this 
was  an  indirect  effect,  Lee  searched  for  possible  mediators. 
Attention  was  focused  on  tyrosine  kinases  since  they  are 
known  to  activate  AR.  Further  work  identified  FAK,  Src  and  Etk 
as  tyrosine  kinases  activated  by  NT  in  LNCaP  cells.  Then,  using 
dominant  negative  constructs  for  these  kinases  transfected 


into  LNCaP  cells,  Lee  showed  that  the  growth  response  to 
bombesin  (and  presumably  NT)  depends  on  the  formation  of 
an  active  signaling  complex  containing  each  kinase.  The  role 
of  Src  in  bombesin-induced  growth  was  also  confirmed  using 
Src  inhibitor  PP2.  Although  it  is  clear  from  this  work  that  NT 
activates  FAK,  Src  and  Etk  and  that  this  signaling  complex  is 
required  for  NT-induced  growth  in  transfected  LNCaP  cells, 
one  can  only  speculate  on  the  connection  between  this  and  the 
activation  of  AR.  Obviously,  the  growth  response  to  NT  in  PC3 
cells  does  not  require  AR  expression  since  these  cells  are  AR 
negative.  It  could  be  interesting  to  compare  the  growth  effects 
of  NT  in  PC3  and  PC3(AR)2  cells.  One  might  also  determine 
whether  transfecting  LNCaP  cells  with  dominant  negative  AR 
alters  the  growth  response  to  NT.  Also,  since  Lee  et  al.  showed 
that  PKC  inhibitors  did  not  appreciably  affect  AR  activation  by 
NT,  it  could  be  worthwhile  to  test  whether  NT-induced  LNCaP 
growth  is  PKC-dependent. 

3.5.  Breast  cancer 

Somai  et  al.  found  that  breast  cancer  (MCF-7)  cells  express 
NTS1  and  NTS 3  mRNA,  and  bind  125I-NT  with  Kd  of  ^2  nM  [77]. 
Exposing  MCF-7  cells  to  NT  agonist  JMV-449  for  96  h  caused  a 
60%  increase  in  cell  number  via  an  anti-apoptotic  effect  that 
appeared  to  involve  upregulation  of  Bcl-2  expression.  There 
was  an  associated  two-fold  elevation  in  the  levels  of  Bcl-2 
mRNA  and  Bcl-2  protein  that  was  blocked  by  Mek  inhibitor 
(PD98059)  but  not  by  PKC  inhibitor  (D-sphingosine).  The  levels 
of  p53  and  caspase  3  did  not  change.  The  NT  agonist  also 
reduced  by  65%  the  apoptotic  response  to  serum  withdrawal, 
and  this  effect  was  blocked  by  the  Mek  inhibitor.  These  results 
are  consistent  with  the  fact  that  NT  can  activate  the  MAP 
kinase  (ERK)  pathway  and  that  ERK  is  known  to  mediate  Bcl-2 
promoter  activation  in  some  cells.  The  lack  of  dependence  on 
PKC  is  surprising  and  could  be  examined  using  other  PKC 
inhibitors. 


4.  Model  for  NT-induced  growth  signaling 

Drawing  from  these  studies,  we  have  constructed  a  composite 
model  of  the  signaling  pathways  implicated  as  potential 
contributors  to  NT-induced  growth  of  cancer  cells  (Fig.  1).  Our 
model  assumes  that  the  basic  framework  is  similar  in  different 
cancers  and  what  might  vary  is  the  activity  level  or  expression 
level  for  the  participants  in  each  pathway.  Thus,  mechanistic 
differences  reflect  changes  in  pathway  emphasis  due  to 
specific  mutations  that  characterize  each  cancer.  To  initiate 
signaling,  NT  binds  to  Gq-coupled  NTS1  whose  effector  (PLC) 
ostensibly  causes  an  elevation  in  [Ca2+];  and  an  activation  of 
PKC  (via  IP3  and  DAG,  respectively).  Since  NTS3  is  not  G 
protein-coupled,  it  may  not  initiate  signaling  but  it  can 
modulate  NTS1  function  by  forming  heterodimers,  and  it 
may  also  effect  the  desensitization  and  internalization  of 
NTS1. 

The  mechanism  of  growth  stimulation  by  NT  is  similar  to 
that  for  other  neuroendocrine  messengers  in  that  a  major  step 
involves  activation  of  the  ERK  pathway  [35,54].  This  cascade  of 
kinases  regulates  a  number  of  nuclear  transcription  factors 
that  determine  the  synthesis  of  proteins  involved  in  prolif- 
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eration  and  differentiation  [75,76].  For  NT,  the  pathway 
leading  to  ERK  activation  can  differ,  depending  on  the  cancer. 
Some  cancers  are  similar  to  prostate  cancer  PC3  cells,  where 
ERK  activation  proceeds  primarily  via  transactivation  of  EGFR, 
a  mechanism  that  is  common  to  several  Gq-coupled  receptor 
systems  [20].  This  generally  involves  a  PKC-mediated  shed¬ 
ding  of  cell-surface  bound  EGF-like  substances  (Fig.  1,  path  1). 
However,  in  pancreatic  cancer  PANC-1  cells,  NT  appears  to  act 
independently  of  EGFR.  Here,  it  seems  that  a  direct  PKC- 
dependent  activation  of  Raf-1  occurs  in  response  to  NT  (Fig.  1, 
path  2).  This  mechanistic  difference  may  reflect  the  effects  of 
an  altered  Ras  activity  in  PANC-1  cells  [36].  One  might 
speculate  that  constitutively  active  Ras  exerts  feedback  effects 
on  EGFR  and/or  alters  the  requirements  for  Raf-1  activation. 
Since  activation  of  Raf-1  involves:  (a)  translocation  of  the 
enzyme  to  membrane  and  (b)  phosphorylation  of  the  enzyme, 
it  could  be  that  PC3  and  PANC-1  cells  differ  in  regards  to  these 
steps.  One  possibility  is  that  the  altered  Ras  activity  in  PANC-1 
cells  promotes  Raf-1  translocation,  priming  it  for  direct 
activation  by  PKC.  In  PC3  cells  on  the  other  hand,  stimulation 
of  EGFR  (elevating  Ras  activity)  may  be  required  for  PKC- 
mediated  Raf-1  activation.  Thus,  PANC-1  cells  maybe  a  special 
case  in  which  constitutive  Ras  activity  nullifies  the  require¬ 
ment  for  EGFR  in  the  response  to  NT. 

In  general,  mitogenesis  is  promoted  by  coordinate  activa¬ 
tion  of  the  ERK/Akt  pathways,  which  cooperate  to  regulate  the 
expression  of  cyclins,  cyclin-dependent  kinases  and  cyclin- 


dependent  kinase  inhibitors  in  a  manner  that  activates  E2F 
transcription  factors  [56].  Thus,  pharmacological  inhibition  of 
either  the  ERK  or  the  Akt  pathway  generally  inhibits  the 
growth  effects  of  Ras  activators.  For  NT,  the  evidence  suggests 
that  it  activates  these  two  pathways  in  some  cells  by  engaging 
EGFR,  which  presumably  exerts  its  effects  via  Ras  (Fig.  1).  In 
PC3  cells,  NT-induced  ERK  activation  and  DNA  synthesis  are 
PI3K-dependent  [40].  Since  PI3K/Akt  activity  has  been  shown 
to  be  required  for  cannabinoid-induced  activation  of  Raf-1  in 
PC3  cells  [70],  we  propose  that  PI3K,  PDK1  and/or  Akt  facilitate 
Raf-1  activation  in  response  to  NT  (Fig.  1).  One  might  speculate 
that  PI3K/Akt  act  to  translocate  Raf-1,  facilitating  its  subse¬ 
quent  phosphorylation  and  activation  by  PKC.  PI3K  acts  by 
converting  PIP2  to  PIP3  and  its  actions  are  subject  to 
modulation  by  PTEN,  a  phosphatase  that  destroys  the 
signaling  product  PIP3.  Thus,  the  emphasis  on  this  pathway 
depends  on  whether  the  cells  express  PTEN  activity  (LNCaP 
cells)  or  lack  PTEN  activity  (PC3  cells). 

The  non-receptor  Tyr-kinase  FAK  is  involved  in  cell 
adhesion,  cell  migration  and  cell  cycle  progression.  Although 
FAK  is  primarily  regulated  by  integrin  binding  to  the 
extracellular  matrix,  some  GPCR  agonists,  including  NT,  have 
been  shown  to  activate  FAK.  Thus,  recruitment  of  FAK 
provides  yet  another  mechanism  for  diversification  of  NT- 
induced  growth  responses  (Fig.  1).  Our  model  shows  FAK 
downstream  of  EGFR  since  NT-induced  FAK  activation  in  lung 
cancer  cells  is  inhibited  by  tyrphostin  AG1478  [83]  and 


Fig.  1  -  Diagram  of  pathways  that  appear  to  contribute  to  NT-induced  cancer  cell  growth.  NT  interacts  with  NT  receptor  (NTR) 
to  activate  a  set  of  PKC  isotypes  that  may  specify  which  paths  (1,  2  or  3)  the  signal  takes.  This  also  depends  on  the  level  of 
expression  for  the  effectors  involved.  Path  1:  cell-surface  shedding  of  EGF-like  ligands  via  the  action  of  metalloprotease(s) 
activates  EGFR,  which  engages  various  kinase  cascades  shown  to  promote  nuclear  transcription  and  cell  cycle  control.  The 
influence  of  PKC  could  be  both  causal  (via  path  1)  and  permissive  (via  path  2).  Path  2:  direct  activation  of  Raf-1  by  PKC  can 
also  occur  independent  of  EGFR  (the  shortcut  loop).  Path  3:  by  stimulating  store-operated  Ca2+-channels,  NT  activates  PLA2 
and  DAG  lipase  to  liberate  AA,  which  is  converted  to  LOX  products.  This  is  pictured  to  further  enhance  the  activation  of 
growth -regulatory  PKCs.  Path  4:  NT  can  elevate  cAMP  levels  in  cancer  cells  and  this  is  pictured  as  involving  a 
superactivation  of  AC.  This  effect  requires  that  there  is  a  background  of  Gs  activity,  presumably  from  another  GPCR  coupled 
to  Gs.  Usually,  the  outcome  is  growth  inhibition  via  PKA-mediated  effects  on  Raf-1.  However,  in  cases  where  B-Raf  levels 
are  elevated,  growth  enhancement  occurs  via  effects  on  Mek. 
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genistein  [48].  However,  activation  of  FAK  in  response  to  NT 
also  involves  an  elevation  in  [Ca2+]j  and  a  change  in  the  actin 
cytoskeleton  (not  pictured  in  Fig.  1).  Activated  FAK  forms  a 
complex  with  Src  and  Etk,  which  is  required  for  bombesin- 
induced  growth  in  prostate  LNCaP  cells  [47].  Since  this 
complex  seems  to  mediate  bombesin-induced  AR  activation, 
it  could  be  that  AR  participates  in  bombesin-  (and  presumably 
NT)  induced  growth  of  LNCaP  cells.  Although  not  yet  proven, 
we  indicate  in  Fig.  1  the  possibility  that  AR  has  a  role  in 
transmitting  the  FAK  signal  to  activate  nuclear  transcription 
factors. 

The  AA  cascade  participates  in  the  regulation  of  cancer  cell 
growth,  and  the  LOX  arm  is  particularly  important  in  prostate 
cancer.  The  results  of  Hassan  and  Carraway  indicate  that  AA 
release  and  5-LOX  activity  are  required  for  NT  and  EGF  to 
stimulate  the  ERK/Akt  pathways  and  DNA  synthesis  in 
prostate  PC3  cells  [39].  Thus,  our  model  pictures  NTR1  acting 
to  liberate  AA  from  membrane  phospholipids  by  causing  Ca2+- 
mediated  stimulation  of  DAG  lipase  and  PLA2  (Fig.  1,  path  3). 
Presumably,  the  metabolism  of  AA  by  5-LOX  produces 
oxidized  products  that  can  further  stimulate  the  PKC  pathway 
either  directly  or  via  effects  on  specific  GPCRs. 

The  negative  growth  effect  of  cAMP  seen  in  some  systems 
is  thought  to  involve  inhibition  of  the  ERK  pathway  at  the  level 
of  Raf-1  [18].  This  may  explain  the  bell-shaped  dose  depen¬ 
dence  of  the  NT  growth  effect  in  some  cancers,  since  NT  can 
promote  cAMP  formation.  This  relatively  minor  effect  on 
cAMP  levels  (two-fold)  can  be  greatly  magnified  (>500-fold)  in 
the  presence  of  a  Gs  agonist  (e.g.,  isoproterenol),  such  that  NT 
becomes  growth  inhibitory.  Like  growth  stimulation,  growth 
inhibition  by  NT  appears  to  be  PKC-mediated  (not  Gs- 
mediated)  and  seems  to  involve  superactivation  of  adenylyl 
cyclase  (Fig.  1,  path  4).  Adding  another  degree  of  complexity  is 
the  fact  that  cAMP  can  produce  both  negative  and  positive 
growth  effects  in  various  cell  systems  [80],  which  can  depend 
on  cell  type  [86],  cell  density  [82]  and  the  availability  of  Ca2+ 
[87] .  Some  of  these  variables  may  be  working  by  way  of  altering 
the  level  of  expression  for  isotypes  of  PKA  [6]  and  B-Raf  [82] 
that  can  mediate  ERK  activation  to  stimulate  growth  (see 
Fig.  1).  For  example,  the  fact  that  cAMP  is  growth  stimulatory 
in  prostate  LNCaP  cells  but  growth  inhibitory  in  PC3  cells  has 
been  attributed  to  enhanced  expression  of  B-Raf  isotype  in 
LNCaP  [17].  Preliminary  results  also  indicate  that  the  ability  of 
NT  to  stimulate  DNA  synthesis  in  PC3  cells  decreases  with 
increasing  cell  density  (Hassan,  unpublished  results).  Whether 
this  contact  inhibition  is  due  to  changes  in  cAMP  formation  or 
changes  in  the  cAMP  response  machinery  is  not  known.  These 
observations  suggest  that  the  effects  of  NT  on  the  ERK 
pathway  may  depend  on  inputs  that  can  stimulate  cAMP 
formation  and  conditions  that  can  influence  the  expression 
and  activity  of  various  effectors  involved  in  the  cAMP  pathway 

(Fig.  1). 

Some  investigators  believe  that  it  may  be  improper  to 
rigorously  assign  specific  roles  to  growth  factor  pathways,  not 
only  because  of  system  redundancy  and  signaling  crosstalk 
but  also  because  the  end  effects  of  pathway  stimulation  can  be 
interdependent.  For  example,  metabolic  effects  might  be 
expected  to  influence  any  growth  effects  that  arise  from  the 
regulation  of  DNA  synthesis,  cell  cycle,  apoptosis  and 
cytoskeletal  interactions.  Therefore,  it  may  be  expedient  to 


adopt  a  holistic  view,  not  only  with  respect  to  intracellular 
mechanisms  by  which  NT  enhances  cancer  cell  growth  in  vitro 
but  also  in  regards  to  mechanisms  in  animals  bearing  tumors. 
We  elaborate  on  this  idea  in  Section  7  which  presents  a  brief 
discussion  of  how  NT  might  initiate  multiple  mechanisms  that 
could  cooperatively  influence  tumor  growth  in  vivo. 


5.  Effects  of  NT  receptor  agonists  and 

antagonists  on  cancer  growth  in  vivo 

5.1.  Lung  cancer 

Moody  et  al.  found  that  SR48692  (given  orally  in  PEG-400) 
inhibited  the  proliferation  of  human  SCLC  cells  (NCI-H209) 
xenografted  in  nude  mice  [59].  Over  the  5-week  period,  tumor 
growth  was  inhibited  20%  and  99%  at  a  dose  of  0.04  and  0.4  mg/ 
kg/d,  respectively.  Prior  work  by  this  group  showed  that  SCLC 
cells  produce  NT  immunoreactivity,  express  NT  receptor  and 
display  enhanced  clonal  proliferation  in  response  to  NT  [21].  In 
total,  these  findings  strongly  support  the  idea  that  SR48692  can 
inhibit  the  autocrine  action  of  NT  produced  by  these  tumors  in 
vivo. 

5.2.  Pancreatic  cancer 

MIA  PaCa-2  cells  express  NTS1  mRNA  and  bind  125I-NT  with 
high  affinity  (IC50,  =2  nM).  Pre treatment  with  SR48692  inhibits 
this  binding  as  well  as  the  ability  of  NT  to  stimulate  Ca2+ 
mobilization,  IP3  formation  and  cell  growth  in  vitro.  However, 
Sumi  et  al.  found  that  despite  this  potential,  NT  (0.6  mg/kg;  3 
times/day  given  s.c.)  exerted  only  a  marginal  effect  on  MIA 
PaCa-2  tumor  growth  in  athymic  nude  mice  [81].  Since  the 
intestinal  mucosa  of  the  same  animals  gave  a  strong  trophic 
response,  the  dose  of  NT  appeared  to  be  sufficient.  On  the 
other  hand,  Iwase  et  al.  showed  that  this  same  dose  of  NT 
significantly  enhanced  MIA  PaCa-2  tumor  growth  in  nude  mice 
[44].  They  also  found  that  NT  antagonist  SR48692  (2  mg/kg 
given  s.c.  in  10%  DMSO)  inhibited  the  response  to  NT,  but  it  had 
no  effect  on  basal  tumor  growth  in  these  animals.  These 
findings  suggest  that  endogenous  NT  does  not  play  a  major 
role  in  the  growth  of  MIA  PaCa-2  cells  in  vivo.  Apparently,  MIA 
PaCa-2  cells  do  not  produce  NT  and  do  not  depend  on 
circulating  levels  of  NT  in  mice  fed  normal  chow.  However,  it  is 
still  possible  that  the  elevated  levels  of  NT  in  animals  given  a 
high  fat  diet  might  contribute  importantly  to  the  growth  of 
such  tumors. 

5.3.  Colon  cancer 

NT  receptor  antagonist  SR48692  (2  mg/kg/d  given  s.c.  in  10% 
DMSO)  was  found  by  Iwase  et  al.  to  inhibit  the  growth 
stimulatory  effect  of  NT  (0.6  mg/kg)  on  xenografted  human 
colon  cancer  (L0V0  cells)  in  nude  mice  [45].  Treatment  with  NT 
enhanced  tumor  growth,  weight,  DNA  and  protein  content. 
SR48692  blocked  NT -induced  growth  but  had  no  effect  on  basal 
growth  of  the  tumor.  In  contrast  to  the  in  vivo  results,  NT  had 
no  effect  on  L0V0  cell  growth  in  vitro.  Consistent  with  this, 
L0V0  cells  and  the  derived  tumors  did  not  bind  125I-NT  and 
showed  no  NTS1  expression  by  Northern  blot  analysis.  These 
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results  suggest  that  the  trophic  effects  of  NT  on  L0V0  cancers 
in  vivo  may  be  indirect,  possibly  involving  the  release  of  other 
growth-promoting  factors. 

Maoret  et  al.  examined  the  effects  of  NT  and  NT  antagonist 
on  the  growth  of  colon  cancer  SW480  cells  xenografted  into 
nude  mice  [50].  Continuous  infusion  of  NT  (Alzet  pump, 
0.54  |xmol/kg/d)  increased  tumor  growth  to  255%  of  control. 
Conversely,  SR48692  (given  i.p.  in  tween  80  at  0.17  and  at 
1.7  |xmol/kg/d)  reduced  tumor  volume  by  26%  and  33%, 
respectively.  Since  SW480  cells  do  not  produce  NT,  the 
authors  reasoned  that  NT  released  from  endogenous  sources 
such  as  the  intestine  contributes  to  the  growth  of  this  colon 
cancer.  Given  that  fat  is  the  strongest  stimulus  for  intestinal 
NT  release,  it  is  possible  that  NT  may  contribute  to  the 
epidemiological  association  between  dietary  fat  intake  and 
colorectal  cancer  incidence  [50].  Further  examination  of  their 
data  suggests  to  us  that  the  major  effect  of  SR48692  was  to 
delay  tumor  development  since  tumor  growth  rates  towards 
the  end  of  the  experiment  were  similar  to  control.  Thus,  one 
wonders  if  these  tumors  become  refractory  to  SR48692  in  time 
and  whether  they  would  have  developed  fully,  given  sufficient 
time,  despite  the  effects  of  SR48692. 

Collectively,  these  studies  indicate  that  tumor  growth  in 
vivo  can  be  driven  by  tumor-derived  NT  (e.g.,  lung  cancers)  and 
by  endogenous  NT  (e.g.,  colon  cancers).  In  some  studies, 
SR48692  dramatically  inhibited  the  early  phase  of  tumor 
growth  but  had  less  effect  towards  the  end  of  the  experiments. 
Similarly,  we  found  that  growth  of  prostate  PC3  xenografts  in 
SR48692-treated  nude  mice  and  in  NT  knockout-nude  mice 
was  slowed  compared  to  controls  primarily  during  the  early 
stage  of  tumor  development  (Carraway,  unpublished  results). 
Although  there  are  many  possibilities,  this  behavior  might  be 
expected  if  the  growth-promoting  effects  of  NT  depend  on  cell 
density.  Indeed,  the  proliferative  effect  of  NT  in  PC3  cells  in 
vitro  is  most  easily  demonstrated  in  sparsely  populated  cells, 
suggesting  that  the  cells  become  refractory  to  NT  as  cell 
density  increases  (Hassan,  unpublished  results).  The  effect 
does  not  seem  to  involve  a  change  in  NT  receptor  expression. 
Another  explanation  is  that  once  a  critical  mass  of  cells  is 
obtained,  autocrine  factors  such  as  Hb-EGF  drive  cell  growth 
independently  of  NT. 


6.  NT  analogs  for  diagnostic  imaging  and 
therapeutic  targeting  of  cancer 

In  order  to  gauge  the  potential  value  of  in  vivo  NT  receptor 
scintigraphy  in  the  diagnosis  of  pancreatic  cancers,  Reubi  et  al. 
have  used  receptor  autoradiography  to  measure  NT  receptor 
expression  in  pancreatic  tissue  from  human  patients  [64].  NT 
receptor  was  found  in  75%  of  all  ductal  (exocrine)  pancreatic 
adenocarcinomas  while  endocrine  pancreatic  cancers  were 
NT  receptor  negative.  These  results  show  that  NT  receptor 
might  be  a  marker  for  such  cancers  since  normal  tissue  and 
tissue  from  patients  with  pancreatitis  were  also  NT  receptor 
negative.  This  group  has  also  succeeded  in  labeling  DTPA- 
derivatized  NT  ligands  with  11:LIn,  a  commonly  used  radio¬ 
isotope  in  diagnostic  medicine.  These  findings  led  them  to 
suggest  that  NT  receptor  scintigraphy  might  possibly  be  used 
in  the  detection  of  pancreatic  cancer.  The  fact  that  NT  receptor 


is  largely  internalized  upon  the  binding  of  NT-related  ligands 
indicates  that  NT  receptor  might  also  serve  to  target  cancer 
cells  with  various  therapeutic  agents,  including  radioactive 
isotopes  and  toxins. 

Mazor  et  al.  labeled  NT  with  Eu3+  via  the  chelator  DTPA 
attached  to  the  s-amino  group  of  Lys6  naming  the  conjugate 
Eu-NT  [53].  This  derivative  was  then  tested  as  a  fluorescent 
probe  for  receptor  binding  in  colon  cancer  HT29  cells.  The  Kd 
for  binding  of  Eu-NT  was  ^10-times  that  determined  using 
125I-Tyr3-NT  and  the  EC50  for  inducing  Ca2+  transients  was 
^50-times  that  for  NT.  The  high  signal  to  noise  ratio  of  Eu-NT 
suggested  that  similar  derivatives  (with  the  chelate  at  the  N- 
terminus  of  NT)  could  be  highly  useful  alternatives  to 
radioactivity.  Aiming  to  label  NT  with  l:L1In  to  enable  imaging 
of  NT  receptors  in  mice  bearing  HT29  tumors,  de  Visser  et  al. 
characterized  six  NT  analogs  containing  N-terminal  DTPA  and 
a  number  of  stabilizing  amino  acid  substitutions  [24].  The 
most  promising  derivative  (#2530:  DTPA-(Pip)Gly-Pro- 
(PipAm)Gly-Arg-Pro-Tyr-Tle-Leu-OH)  displayed  an  increased 
stability  in  human  plasma  (recovery:  96%  versus  2%  after  4  h) 
and  high  affinity  binding  and  internalization  by  NT  receptor  in 
HT29  cells  in  vitro  (IC50:  =3  times  that  for  NT).  Biodistribution 
studies  in  nude  mice  bearing  HT29  tumors  indicated  that  ^In- 
labeled  #2530  (0.1  |xg/mouse)  accumulated  within  tumors  in  a 
specific  manner  (1.1%  ID/g  at  4  h).  The  tumor/blood  ratio  was 
>50.  The  authors  concluded  that  this  DTPA-conjugated  analog 
was  an  excellent  candidate  for  scintigraphic  imaging  of 
tumors  overexpressing  NT  receptor.  They  further  suggested 
that  a  DOTA-conjugated  analog  labeled  with  ^-emitters  (177Lu, 
90Y)  might  be  useful  for  radionuclide  therapy. 

The  effects  of  amino  acid  substitutions  on  the  biostability 
and  receptor  binding  of  five  analogs  of  [99mTc]-NT7-13  were 
investigated  by  Bruehlmeier  et  al.  [4]  and  Blauenstein  et  al.  [3]. 
Peptide  labeling  with  "mTc  was  by  virtue  of  (NaHis)Ac  placed 
at  the  N-terminus.  Stability  in  human  plasma  was  most 
affected  by  replacing  lie12  with  Tie  (40-fold  increase  in  T1/2), 
although  additional  stability  was  conferred  by  placing 
Lys(xCH2NH)-Arg  or  (N-Me)-Arg-Lys  in  the  Arg8-Arg9  position 
corresponding  to  NT.  All  of  these  analogs  displayed  high 
affinity  for  NTS1  (Kd,  <1.8  nM)  when  tested  for  binding  to 
intact  HT29  cells.  Using  mice  bearing  HT29  tumors,  biodis¬ 
tribution  studies  were  performed  for  three  analogs  containing 
Tie12  and  varying  substitutions  at  Arg8-Arg9.  While  specific 
uptake  into  tumor  was  observed  for  all  analogs  (2. 9-3. 9%  ID/g 
at  1.5  h),  distribution  into  other  tissues  varied.  The  parent 
Arg8-Arg9  analog  gave  far  more  uptake  into  liver,  lung  and 
kidney  than  the  (N-Me)-Arg8-Lys9  and  the  Lys8(xCH2NH)-Arg9 
analogs.  The  more  selective  uptake  appeared  to  relate  to  the 
greater  stability  of  these  peptides,  although  the  ability  to 
compete  with  endogenous  NT  for  binding  sites  in  other  tissues 
may  have  also  been  a  factor.  The  authors  concluded  that  they 
had  identified  two  NT  analogs  that  could  label  HT29  tumors  in 
mice  with  a  greater  selectivity  relative  to  other  tissues.  Garcia- 
Garayoa  et  al.  performed  additional  studies  using  one  of  these 
preferred  analogs  ((NaHis)Ac-N-Me-Arg-Lys-Pro-Tyr-Tle-Leu) 
in  mice  bearing  colon  cancer  (HT29)  and  prostate  cancer  (PC3) 
xenografts  [33].  Tumors  were  easily  visualized  in  scintigraphic 
images  1.5  h  after  injection  of  this  "mTc-labeled  NT-analog 
(0.2  pmol)  into  mice.  Although  the  peptide  accumulated  non- 
specifically  in  kidney  and  liver  (2-6%  ID/g),  specific  uptake  was 
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demonstrated  into  tumor  (^4%  ID/g)  and  intestine  (^1.5%  ID/g). 
This  group  also  succeeded  in  labeling  this  NT  analog  with  185Re 
and  187Re,  radionuclides  that  have  therapeutic  applications. 

Using  NT6-13  as  a  template,  Achilefu  et  al.  synthesized  more 
than  24  NT  analogs  with  amino  acid  substitutions  at  positions 
corresponding  to  Arg8,  lie12  and  Leu13  in  NT  and  with  DTPA  at 
the  N-terminus  to  enable  labeling  with  1:L1In  [1].  The  stability  of 
each  analog  was  determined  during  incubation  with  human 
serum.  Substitution  of  Tie  for  lie12  strikingly  enhanced  peptide 
recovery  (five-fold),  whereas  replacement  of  Arg8  with 
Gly(PipAm)  had  a  minor  effect  and  replacement  of  Leu13  with 
Cha  or  tBuAla  had  no  effect.  Of  the  analogs  that  were  >90% 
stable  for  4  h,  peptide  #17  (DTPA-Gly(Pip)-Pro-Gly(PipAm)-Arg- 
Pro-Tyr-Tle-Leu-OH)  exhibited  the  highest  binding  affinity  for 
HT29  cell  membranes  (IC50,  0.3  nM)  as  compared  to  NT 
(0.2  nM).  Biodistribution  studies  using  peptide  #17  in  mice 
bearing  HT29  tumors  indicated  specific  uptake  into  tumor 
(2.18%  ID/g  at  4  h).  The  authors  concluded  that  that  the 
features  of  peptide  #17  might  be  exploited  to  selectively  deliver 
diagnostic  and  therapeutic  drugs  to  target  tissues. 

The  first  human  studies  were  reported  by  Buchegger  et  al. 
who  employed  the  "mTc-labeled  NT-analog  ((NaHis)Ac-Lys- 
(xCH2-NH)-Arg-Pro-Tyr-Tle-Leu)  to  perform  scintigraphy  over 
4  h  in  four  patients  presenting  with  ductal  pancreatic 
adenocarcinoma  [5].  Injection  of  20  \±g  permitted  visualization 
of  the  tumor  in  patient  #4,  the  only  patient  with  a  NT  receptor¬ 
positive  tumor.  Radiopeptide  half  lives  in  whole  body  and 
blood  were  1.7-6. 3  h  in  keeping  with  work  in  animals.  At 
surgery  (^20  h  post-injection),  radioactive  uptake  into  tumor 
(%  ID/g)  was  0.09  and  the  tumor  to  blood  ratio  was  9.2.  The 
authors  concluded  that  the  results  in  humans  were  encoura¬ 
ging  and  in  keeping  with  predictions  obtained  in  mice. 


These  studies  highlight  the  remarkable  progress  that  has 
been  achieved  in  the  design  of  stable  analogs  of  NT  that  can  be 
used  for  scintigraphy  and  other  diagnostic  and  therapeutic 
applications.  These  substances  appear  to  be  rather  non-toxic 
compounds  that  are  stable  for  sufficient  time  in  vivo  to 
penetrate  and  accumulate  within  tumors.  Despite  the  high 
non-specific  uptake  into  liver  and  kidney  for  many  of  them, 
these  analogs  can  be  used  to  visualize  tumors  in  animals  and 
humans.  In  order  to  capitalize  on  these  promising  results, 
future  efforts  could  be  directed  towards  improving  the 
efficiency  and  selectivity  of  tumor  uptake.  For  example,  by 
altering  the  radionuclide/ligand  ratio,  one  might  enhance  the 
signal  imparted  to  the  tissue.  It  may  also  be  possible  to  use 
adjuvants  to  specifically  stimulate  ligand  uptake  by  tumor 
cells  [11]. 


7.  Speculative  comments  and  future 
directions 

Here  we  speculate  about  the  role  of  the  NT  system  in  the 
development  and  progression  of  epithelial  cancers.  Key  to  our 
model  is  the  involvement  of  NT  in  inflammation  (Fig.  2). 
Genetic  and  epigenetic  events  alter  proto-oncogenes  and 
tumor  suppressor  genes,  eventually  leading  to  cancer.  Recent 
insights  indicate  that  inflammation  can  alter  genetic  stability 
and  that  chronic  inflammation  could  be  a  forerunner  of 
neoplastic  transformation.  Inflammatory  cells  generate  cyto¬ 
kines,  matrix  metalloproteases  and  ROS  that  activate  growth 
signaling  and  stimulate  oxidative  reactions  that  impart 
genomic  damage.  Assuming  that  chronic  inflammation 
initiates  some  cancers,  then  what  evidence  supports  the 
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Fig.  2  -  Scheme  showing  proposed  relationship  between  cancer  progression  and  the  status  of  the  NT  system.  Chronic 
inflammation  produces  cytokines,  enzymes  and  ROS  that  damage  epithelial  cells  leading  to  a  premalignant  state  (A). 
Genetic  predisposition  and  carcinogens  facilitate  the  transformation  to  a  malignant  state  (B).  Loss  of  the  epithelial  barrier 
alters  the  stroma,  giving  rise  to  an  invasive  state  (C).  Enhancers  such  as  dietary  fat  lead  to  vascular  changes  that  enhance 
growth  and  promote  motility  (D).  Although  NTS1  expression  might  increase  progressively  from  A  to  D,  we  speculate 
that  NT  signaling  is  enhanced  primarily  by  upregulation  of  its  signaling  partners  (EGFR,  ERK,  Akt  and  LOX)  and  perhaps  by 
an  increased  release  of  NT  in  response  to  fat.  The  order  of  signaling  partner  expression  undoubtedly  varies  for 
different  cancers. 
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involvement  of  NT?  During  C.  deficile  toxin-induced  inflamma¬ 
tion  of  the  colon,  NTS1  is  dramatically  upregulated  and 
administration  of  SR48692  inhibits  aspects  of  the  inflamma¬ 
tory  response  [16].  NT  also  stimulates  non-transformed 
human  colonic  epithelial  NCM460  cells  to  release  the 
inflammatory  cytokine  IL-8  by  a  NF-KB-dependent  mechanism 
[88].  Since  IL-8  is  chemotactic  for  inflammatory  cells  and  NF- 
kB  regulates  the  expression  of  many  genes  involved  in 
inflammation,  this  suggests  that  upregulation  of  the  NT 
system  could  lead  to  a  cycle  of  inflammation  and  ultimately 
to  cancer.  The  scheme  in  Fig.  2  proposes  that  NTS1  is 
expressed  at  the  pre-malignant  stage  and  that  NT  signaling 
is  enhanced  in  a  stepwise  manner  by  the  upregulation  of  each 
of  its  signaling  partners. 

Assuming  that  NT  has  a  hormonal  role  as  a  tissue  growth 
factor,  one  might  speculate  that  it  acts  on  a  number  of  inputs 
(both  directly  and  indirectly)  in  a  coordinated  fashion.  Thus, 
NT  might  enlist  the  help  of  secondary  regulators  to  orchestrate 
a  series  of  changes  involving  multiple  tissues  and  processes  to 
support  a  growth  event.  For  example,  it  would  be  beneficial  to 
coordinate  changes  in  metabolism,  blood  flow  and  substrate 
availability  with  changes  in  growth  stimulation.  Viewing 
tumor  growth  from  this  perspective  suggests  that  many  of  the 
effects  of  NT  in  vivo  could  be  indirect  and  several  findings 
support  this  idea.  NT  receptor  is  largely  absent  from  intestinal 
mucosa  [74],  yet  NT  given  to  animals  very  effectively 
stimulates  growth  of  this  tissue  [84].  NT  enhances  the  growth 
of  colon  cancer  (L0V0  cells)  in  mice  despite  the  absence  of  NT 
receptor  in  the  tumors  and  the  inability  of  NT  to  enhance  L0V0 
cell  growth  in  vitro  [45].  While  the  incidence  and  size  of 
chemically  induced  gastric  tumors  in  rats  are  increased  by  NT 
[61],  these  tumors  may  not  express  NT  receptor  given  that 
human  gastric  tumors  lack  NT  receptor  [65].  One  possible 
explanation  for  such  findings  is  that  some  of  the  growth 
effects  of  NT  in  vivo  are  indirect,  perhaps  involving  the  release 
of  other  mitogens  or  the  stimulation  of  rate-limiting  processes 
such  as  blood  flow. 

The  importance  of  the  vascular  supply  to  tumor  develop¬ 
ment  is  well  established  [32]  and  suggests  that  the  delivery  of 
oxygen,  nutriment  and  other  blood-borne  factors  maybe  rate- 
limiting  for  growth.  As  compared  to  blood  serum,  NT  has  a 
minor  effect  on  the  growth  of  PC3  cells  in  vitro.  DNA  synthesis 
is  greatly  enhanced  in  the  presence  of  serum  factors,  the 
majority  of  the  activity  residing  in  the  large-molecular  protein 
fractions  (Hassan,  unpublished  results).  NT  given  to  rats 
potently  enhances  vascular  permeability,  causing  proteins  to 
enter  tissue  spaces  [9].  This  effect  involves  the  degranulation 
of  mast  cells  and  the  release  of  various  mediators  [8].  Tumors 
often  possess  large  numbers  of  mast  cells  and  display  signs  of 
increased  permeability,  such  as  fibrin  deposition  in  the 
interstitial  spaces  [66].  Thus,  we  suggest  that  some  of  the 
growth  effects  of  NT  in  vivo  may  stem  from  its  actions  on  the 
circulation  and  the  reticuloendothelial  system.  By  promoting 
vasodilation  and  releasing  VEGF  to  stimulate  angiogenesis,  NT 
could  enhance  the  delivery  of  oxygen  and  nutriment  for 
growth.  By  stimulating  mast  cells,  NT  could  enhance  vascular 
permeability  to  mitogenic  proteins.  By  targeting  resident 
macrophages,  NT  could  promote  the  local  production  of 
mitogens  and  survival  factors.  Other  more  complex  mechan¬ 
isms  could  involve  actions  of  NT  at  distant  sites  (e.g.,  liver) 


known  to  regulate  general  metabolism  and  to  synthesize 
important  mediators.  Obviously,  the  effects  of  NT  on  the 
digestion  and  absorption  of  fats  could  also  contribute  since 
tumor  growth  is  highly  dependent  on  fatty  acid  metabolism 
[42,71]. 


8.  Conclusions 

We  have  made  considerable  progress  in  the  identification  and 
the  imaging  of  cancers  that  overexpress  NT  receptors,  as  well 
as  in  the  description  of  signaling  events  involved  in  the  direct 
effects  of  NT  on  cancer  cells  in  vitro.  However,  the  paucity  of 
information  concerning  mechanisms  that  operate  in  vivo 
suggests  that  additional  studies  are  warranted  and  could 
produce  some  interesting  and  unexpected  findings. 
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